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SUMMARY  
Environmental heavy metal contamination is prevalent due to historical mining 
industry and other anthropogenic activity. Unlike organic contaminants, heavy 
metals persist in soils and have a toxic effect on living organisms, particularly when 
soluble. Heavy metal contamination causes disruption to ecosystems and reduces the 
availability of land which is safe and suitable for crop growth. 
Endophytic bacteria reside within plant tissues and some are known to have 
beneficial effects such as increasing nutrient availability, protecting against 
pathogenic microorganisms, and enhancing tolerance to abiotic stresses. Certain 
endophytic bacteria have the potential to be applied to biomass crops to improve 
plant growth and heavy metal tolerance. Ultimate target crops include Miscanthus, 
an already versatile and efficient biofuel crop being developed and distributed in the 
UK by Terravesta Ltd. Endophyte application has the potential to provide further yield 
improvement and improved abiotic stress tolerance. 
The aim of this project was to isolate and identify endophytic bacteria from plants 
growing in heavy metal contaminated environments and perform functional analyses 
to explore their potential to improve plant growth and confer plant heavy metal 
tolerance. Bacterial isolates were screened for tolerance to zinc (Zn) and cadmium 
(Cd) in vitro on solid growth medium, and in planta on Brachypodium distachyon 
seedlings in a sterile system, to evaluate their individual effects on plant growth in 
the presence and absence of metals.  
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1.0 INTRODUCTION 
1.1 Environmental heavy metal contamination 
Historical mining industry, around Wales and worldwide, has resulted in the release 
of heavy metal contaminants into the natural environment. Widespread use of 
agricultural chemicals and continuous generation of waste from anthropogenic 
activities further contributes to the build-up of metals in soils. This contamination can 
spread far from the point of origin, for example via water erosion exposing ore-
containing rock, or windblown dispersal of mine spoil material. Heavy metals can 
cause damage and disruption to aquatic and terrestrial ecosystems, including 
agricultural lands, as well as pose a threat to human health (Alloway and Davies, 
1971; Davies, 1987). Ex-mining sites in both Wales and Katowice, South Poland, 
primarily contain the heavy metals lead, zinc, and cadmium (Fuge, Paveley and 
Holdham, 1989; Dudka et al., 1995).  
Heavy metals are elemental pollutants that will not degrade like those of organic 
nature, and they can have a negative impact in the environment if they accumulate. 
Dependent on the land use of a given area, guideline concentrations are provided for 
the level at which a heavy metal can be present before presenting a danger due to 
toxicity. For example, the maximum guideline concentration for lead is 750 mg/kg 
(450 mg/kg on residential land), but at an ex-mining site lead could be present at 
more than 30 times this concentration (Yara UK, 2002; Alloway, 2012). Physical 
removal, stabilisation, or immobilisation of these contaminants is therefore highly 
desirable (Peng et al., 2009). The pH of the soil or substance containing metal ions is 
a significant determining factor of metal solubility, and this fact has been taken 
advantage of in developing remediation methods. A common approach to deal with 
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soil metal contamination is chemically increasing the pH level by applying lime and 
manure, or adding an adsorbent such as natural zeolite (alumio-silicate compounds 
that are able bind cations) (Gadepalle et al., 2007; Shi et al., 2009). At a higher 
(alkaline) pH, metal solubility is reduced (Selim and Kingery, 2003). As free metal ions 
cause more damage to living organisms than when in a complex, reducing metal 
solubility generally results in reduced bioavailability and therefore reduces potential 
toxicity (Rieuwerts et al., 1998). A limitation of these methods is the occurrence of 
natural re-solubilisation of metal ions, which could result in the contaminants 
leaching from their original source, therefore treatments such as lime must be 
reapplied over time to maintain maximum effectiveness. 
 
1.2 Plant heavy metal toxicity and tolerance 
Plants growing in a metal contaminated environment exhibit reduced biomass and 
disrupted metabolism; some metals such as iron and copper are essential for plant 
growth and development in trace amounts, however when they are present in 
excess they begin to produce toxic effects (Shah et al., 2010). Non-essential metals 
can especially interfere with cellular functions due to their ability to form 
coordination complexes within intracellular components. They become substitutes 
for the true metal ions required by the plant, affecting processes from DNA 
replication to photosynthesis. Investigations into the apparent water stress 
phenotype exhibited by plants upon cadmium exposure by Perfus-Barbeoch et al. 
(2002), provide a specific example of this. Their findings revealed evidence of an 
interaction between cadmium ions and cell membrane metal ion transporters. They 
suggested that cadmium ions take the place of calcium ions (as they have the same 
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oxidation state) in ion channels and intracellular calcium-dependent enzymes, 
blocking the channels or passing into the cell and disrupting enzyme functions. This 
affects the function of guard cells of leaf stomata, inducing their closure and 
resulting in reduced rates of gas exchange and transpiration.  
Plants utilise several methods to tolerate increased concentrations of metal ions, 
particularly those that are non-essential, including root callose deposition, 
glutathione synthesis, and the production of phytochelatin compounds. Fahr et al. 
(2013) describe the response of plant roots to high soil concentrations of lead; callose 
is synthesised and builds up to form a barrier which is less penetrable to metal ions, 
therefore providing tolerance in the form of exclusion. Heavy metal exposure has also 
been found to induce the production of reactive oxygen species (ROS), which can 
cause widespread internal damage. Glutathione is present throughout cellular 
compartments and can detoxify ROS to protect plant cells. In addition to this, 
phytochelatin compounds bind metal ions and are transported into plant cell 
vacuoles, to sequester the metal ions away from vulnerable cellular machinery 
(Yadav, 2010). Metallophytes employ primarily the latter method and accumulate 
heavy metals present in their environment. They are distinct from other plant 
species, as they translocate the metal ions to organs such as leaves and shoots, and 
via sequestration can tolerate much higher concentrations; multiple research groups 
have demonstrated that differential, as opposed to novel, gene expression is behind 
this (Leitenmaier and Küpper, 2013; Singh et al., 2016). 
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1.3 Phytoremediation of heavy metal contaminated land 
Phytoremediation has been proposed as a preferential approach to current chemical 
remediation methods, as metals are extracted from the soil and transported into 
plant tissues, allowing harvesting and physical removal (Peng et al., 2009). However, 
remediation of soil heavy metals by plants has been shown to be less effective on 
highly contaminated material, and only for the bioavailable pool of metals, which 
may be small depending on the pH (Ernst, 1996). Moisture levels, soil structure and 
salinity, the ratio of plant tissue to soil metals, environmental temperature, and plant 
size and root architecture also affect metal uptake (Nagajyoti, Lee and Sreekanth, 
2010). 
Mixed views are held on the use of phytoremediation, for example Rivett et al. (2002) 
claim that bioremediation takes more time and expense than simply isolating 
contaminated material in a landfill cell. In contrast to this, an in-depth review from 
Ali, Khan and Sajad (2013) suggests that by using transgenic plants that are 
engineered to secrete metal solubilizing compounds, the future feasibility of 
phytoremediation could be increased. This is seconded by Meagher (2000), who 
suggests that plants modified to overexpress genes involved in metal extraction or 
accumulation could enable the widespread application of phytoremediation. 
Although, Ali, Khan and Sajad (2013) highlight that a greater understanding of 
hyperaccumulation mechanisms is required, along with studies carried out to 
evaluate the effectiveness of phytoremediation in the field. An additional approach 
that has been proposed is co-remediation. Chemical and biological remediation 
methods could be used in combination, applying chemicals to increase metal 
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solubility and bioavailability, then allowing enhanced uptake and internal transport 
by plants (Luo et al., 2006). 
 
1.4 Miscanthus 
Terravesta are a UK company who specialise in developing and growing Miscanthus. 
It is a perennial tall grass with fast growth and tolerance to low temperatures making 
it an ideal crop for growing biomass and sequestering carbon across Europe and 
North America, as well as Asia where it is native. A major benefit of an energy crop 
such as Miscanthus for remediation or phytostabilisation projects is that it cannot 
enter the food chain, either directly, or indirectly as a forage species could. 
Miscanthus is already being trialled on ex-mine sites in Wales and Eastern Europe. 
 
1.5 Endophytic bacteria 
1.5.1 The endophyte-plant relationship 
Endophytic bacteria reside within plant tissues without causing disease, and there is 
often a mutually beneficial relationship between the bacterial coloniser and the host 
plant. While the bacteria may access photosynthate and avoid the extremes of 
climatic variation by living within plant tissues, they can enhance plant growth and 
survival by mobilising nutrients, improving abiotic stress tolerance, competing with 
pathogenic microorganisms, and directly manipulating plant growth hormones. 
Bacterial endophytes may confer further advantages to Miscanthus and increase the 
range of land on which it can be cultivated. 
Over time, the definition of an “endophyte” has changed and developed. The 
definition stated by Hallmann et al. (1997) highlights the key criteria that a bacterial 
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species must fulfil to be categorised as endophytic: “those bacteria that can be 
isolated from surface-disinfested plant tissue or extracted from within the plant, and 
that do not visibly harm the plant”. This should be extended, however, to include 
those bacterial endophytes which are unculturable but shown to be present within 
plant tissues through 16S rRNA analysis. There is evidence that a significant 
proportion of a plant’s endophytic community is unculturable, and the number and 
range of species detected using 16S rRNA analysis directly from plant tissue samples 
is generally larger and different to that of the culturable fraction (Cope-Selby et al., 
2017). As endophytic bacteria are adapted to living in the internal plant tissue 
environment, it is not surprising that many species lack the capacity to grow on 
nutrient medium. Despite the likely scientifically interesting features of those that 
are unculturable, this research project focused on those species that are culturable, 
as they can be grown and applied into experiments, and a bacterial endophyte will 
be defined as living within plant tissues without causing visible harm to the plant. 
A large amount is still unknown regarding the plant-endophyte interaction, including 
exactly how these relationships are established and maintained. It is thought that 
genetic adaptations of both partners strongly influence the specificity of the 
interaction and the extent to which bacterial colonisation occurs (Dong, Iniguez and 
Triplett, 2003). A wide range of bacterial genera appear to have members which are 
endophytic, and different species appear to have varying levels of specificity with 
regards to their plant hosts; some demonstrate the ability to colonise multiple 
different plant species, and others selectively colonise a single species (Zinniel et al., 
2002). 
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This project focused on endophytic bacteria, as opposed to epiphytic or plant-
associated microorganisms, due to the particularly intimate nature of the 
relationship between the bacteria and their plant host. Furthermore, there is the 
potential for seed transmission. 
Genes that have been thus far linked to endophytic competence have functions 
related to bacterial movement and colony growth, the synthesis or acquisition of 
nutrients and minerals, and modes of entry into plant tissues (Compant, Clément and 
Sessitsch, 2010). Many endophytes possess a reduced genome, which is likely a result 
of the loss of genes with virulence functions, genes encoding bacterial signatures that 
could trigger a plant host defence response, or those related to survival as a free-
living bacterium (Ryan et al., 2008). 
Visualisation and localisation studies (for example fluorescent tagging and 
microscopy) indicate that endophytic bacteria mainly occupy intercellular spaces and 
xylem vessels. Higher cell counts and more diverse communities are found in root 
tissues compared to other plant tissue types; this is thought to be because the main 
entry pathway is via cracks in the root surface, so more bacteria will accumulate and 
colonise this area, with a smaller number migrating and distributing themselves into 
distal tissues (James et al., 2002). Evidence of vertical transmission of endophytes is 
provided by Cope-Selby et al. (2017). Seeds sterilized before germination showed 
high bacterial cell counts and a wide range of endophyte species throughout seedling 
plant organs. 
Nitrogen fixation by plant-associated bacteria is a well-known way in which these 
microbial colonisers can improve plant growth, but endophytic bacteria can also 
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solubilise phosphate and increase the availability of minerals. Bacterial endophytes 
have been demonstrated to directly compete with, and produce antibiotics against, 
other pathogenic microorganisms in the internal plant environment, including other 
bacteria, fungi, and even nematodes. In addition, it is proposed that their presence 
alone primes the immune system of their host plant, making it less susceptible to 
disease (Rosenblueth and Martínez-Romero, 2006). Besides improving plant health, 
several bacterial endophytes produce phytohormones and other compounds 
synthesised by plants, with functions such as the regulation of plant stress responses, 
producing a growth promoting effect on their plant hosts via manipulation of their 
molecular and cellular signalling (Taghavi et al., 2009). Though there are common 
mechanisms utilised by bacterial endophytes, the plant biostimulation effects of 
different species range greatly. It is suggested that varying environmental conditions 
and the nature of the plant host species contributes to this observed diversity (Long, 
Schmidt and Baldwin, 2008). 
 
1.5.2 Bacterial endophyte application for crop improvement 
Existing research provides evidence that heavy metal resistant bacteria can improve 
plant metal tolerance and enhance phytoextraction. Sun et al. (2010) identified over 
thirty endophytic bacterial species that exhibited copper tolerance, and plants 
inoculated with these isolates produced higher amounts of biomass when grown in 
medium containing copper than plants that had not been inoculated. Seed 
endophytes isolated from plants growing in soils containing a high concentration of 
cadmium were applied onto tobacco plants, and the inoculated plants growing in 
cadmium-containing soils showed increased growth along with a high plant tissue 
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cadmium content than their uninoculated counterparts (Mastretta et al., 2009). 
Evidence is also emerging of metal-resistant or siderophore-producing bacteria 
enhancing metal uptake in their plant host by increasing the bioavailability of local 
metal ions (Sheng and Xia, 2006; Braud et al., 2009). Bacteria commonly produce 
siderophores, small complexes that chelate metal ions, to scavenge for metals in their 
local environment. Their primary function is to bind iron, however other metal ions 
are able to bind to the siderophore complexes, and it is thought that there may be a 
link between siderophore production and bacterial resistance to metal toxicity 
(Schalk, Hannauer and Braud, 2011). Though it appeared to be a more common 
feature in rhizospheric than endophytic bacteria, Złoch et al. (2016) found that 
siderophore production was enhanced when bacteria were subjected to cadmium 
stress, and suggest that this indicates siderophore involvement in bacterial heavy 
metal tolerance. 
As a plant host for beneficial bacterial endophytes, Miscanthus is of interest in this 
research; it is a biofuel crop with great potential that could be further enhanced via 
microbial application. Even before selection and improvement to develop desirable 
genotypes, Miscanthus x giganteus produces significant yields and conversion 
efficiencies, whilst requiring only low input of fertiliser and pesticides (Lewandowski 
et al., 2000). With further developments, this biomass crop could be a sustainable 
and environmentally friendly alternative to fossil fuels, with greater efficiencies of 
fuel production per kg than other established biofuel crops (Heaton, Dohleman and 
Long, 2008). Miscanthus is a perennial crop that can grow throughout temperate 
regions, and as a leading supplier of the crop, Terravesta are associated with this PhD 
project with the interest of crop improvement (Terravesta Ltd, 2020). Along with the 
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development of more robust genotypes of the crop, bacterial endophyte application 
has the potential to improve abiotic stress resistance in Miscanthus or enhance 
phytoextraction and accumulation of heavy metals from the soil. If this was brought 
to fruition, it would enable the remediation of contaminated land whilst 
simultaneously generating a renewable energy source.  
 
1.6 Hypothesis and project aims 
Certain bacterial endophytes confer benefits to their host plant either via plant 
growth promotion or abiotic stress tolerance. Specifically, it is hypothesised that the 
endophyte populations of plants growing in the presence of heavy metals represent 
a target for isolating bacterial strains able to confer heavy metal tolerance to other 
plants and crops. 
The aims of this project were: 
1. To isolate endophytic bacteria from plants growing on heavy metal 
contaminated sites and identify them (Chapter 2.0).  
2. To screen isolated bacteria in vitro for heavy metal tolerance (Chapter 3.0). 
3. To screen isolated bacteria in planta for plant growth promotion and/or 
enhancement of plant heavy metal tolerance (Chapter 4.0). 
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2.0 ISOLATION AND IDENTIFICATION OF 
EXTREMOPHILIC BACTERIAL ENDOPHYTES 
2.1 Introduction 
Plants growing in the wild under heavy metal contaminated conditions must possess 
tolerance to some extent in order to survive in this environment, whether conferred 
by the plant genome, the plant microbiome, or both in combination. It is therefore 
hypothesised that these plants are likely to possess a microbial community containing 
members with the potential to alleviate heavy metal toxicity to plants or to improve 
plant heavy metal tolerance. Plants from heavy metal contaminated environments 
were therefore sampled to target extremophilic bacterial endophytes. The aim was 
to isolate such bacteria and identify them, before investigating their functional 
characteristics (Chapters 3.0 and 4.0). 
Katowice and the surrounding areas in the region of Silesia, South Poland, have a rich 
industrial history (Cała and Ostrȩga, 2013; Krzysztofik et al., 2015; Lamparska, 2015). 
The by-products of this industrial activity that escape into the natural environment 
are often heavy metals, as mining for coal or for heavy metals themselves exposes 
metal-containing rock to winds and rain, distributing contaminated material into the 
local environment and further eroding the rock. Heavy metal contamination is both 
abundant and variable in soils across Silesia, and two sites were selected for plant 
sample collection with proximity to Bytom, an area where heavy metal 
contamination is known to be present and negatively impacting the local population 
(Osman et al., 1998). 
Several plant species were targeted due to their known potential for tolerating or 
accumulating heavy metals, including Deschampsia cespitosa, Silene inflata, 
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Cardaminopsis arenosa, Biscutella laevigata, and Thlaspi caerulescens (Godbold et 
al., 1983; Bringezu et al., 1999; Küpper, Zhao and McGrath, 1999; Lombi et al., 2000; 
Szopiński et al., 2019). For the grass species D. cespitosa, there is evidence of root-
localised metal accumulation (Mehes-Smith and Nkongolo, 2015). A deeper 
investigation of the above and below ground tissue boundary was therefore 
desirable, and a “stem base” sample, bridging the above ground and below ground 
tissues, was collected in addition. 
To target endophytic bacteria, plant tissue surface must be thoroughly sterilised in 
order to kill epiphytic microorganisms (and destroy residual DNA if metagenomic 
analysis is desired). Soaking in solutions of ethanol and bleach is used to achieve this, 
with varying duration dependent on tissue characteristics, e.g. thickness and extent 
of lignification (Cope-Selby et al., 2017).   
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2.2 Materials and methodology 
2.2.1 Site selection for plant sampling  
Two sites were visited for sampling in Piekary Śląskie, near the city of Katowice, 
Silesia, South Poland. Dołki (Site 1) was a heap of organic spoil containing high levels 
of heavy metal contaminants, and Stanisława Konarskiego (Site 2) was an open field 
area containing relatively lower levels of contamination, accumulated via erosion 
from nearby industrial sites (Figures 1, 2, and 5). Sample collection and analysis work 
was completed in collaboration with Dr Elaine Jensen, Dr Michal Mos, and staff at 
IETU (Instytut Ekologii Terenów Uprzemysłowionych; Institute for Ecology of 
Industrial Areas). 
 
 
Figure 1: (a) Location of the region of Silesia (outlined in red) and the city of Katowice, South 
Poland. (b) Location of the two sampling sites Dołki (Site 1) and Stanisława Konarskiego (Site 
2) (yellow pin markers) in relation to Katowice (underlined in red). 
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Figure 2: (a) Site 1 - photograph. (b) Site 2 – photograph. 
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2.2.2 Plant and soil sample collection 
Preceding collection, a field guide was created containing images of species known 
to be commonly found on the sites (per Dr Jacek Krzyżak and colleagues; IETU, 
Katowice, Poland) and to be targeted for sampling, to aid identification (Figures 3 and 
4). Once a plant of interest was identified, it was assigned a sample name and given 
a labelled marker. Photographs were taken, close up and in situ, then the plant was 
excavated.  
The above ground tissues were cut from the below ground tissues, and samples 
separated for bacterial endophyte isolation and heavy metal content analysis. An 
additional “stem base” tissue sample was collected for the grass species D. cespitosa. 
Soil samples from the area immediately below and surrounding the plant roots were 
also collected, to a depth of approximately 10-20 cm depending on root physiology, 
to be analysed for nutrient levels, pH, and heavy metal content (total and estimated 
bioavailable). 
Following bacterial endophyte isolation, a subset of originally collected plants were 
selected for plant tissue heavy metal content analysis, and further plant samples of 
the same species were collected from the same sites and specific locations, as far as 
possible. 
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Figure 3: (a) Field guide for plant identification and sample collection. 
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Figure 4: Additional plant species collected; T. farfara and S. virgaurea. 
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Figure 5: (a) Site 1 - locations of plants collected. (b) Site 2 - locations of plants collected. 
(Indicated by blue flags; P# refer to plant number code, letters refer to plant species - Bl: B. 
laevigata, Ca: C. arenosa, Dc: D. cespitosa, Solv: S. virgaurea, Sv: S. vulgaris, Tf: T. farfara.) 
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Table 1: Plant samples collected from Sites 1 and 2 for bacterial endophyte isolation. (Ca: C. 
arenosa, Sv: S. vulgaris, Bl: B. laevigata, Solv: S. virgaurea, Dc: D. cespitosa, Tf: T. farfara. A: 
above ground, B: below ground, C: stem base tissue). Map labels correspond to Figure 5. 
 
2.2.3 Soil and plant tissue heavy metal content analysis 
The heavy metal content, nutrient status, electrical conductivity, and pH of 
collected soil samples and the heavy metal content of plant tissue samples was 
carried out by Dr Jacek Krzyżak and colleagues at IETU in Katowice, Poland, as 
described by Pogrzeba, Rusinowski and Krzyżak (2018). 
 
2.2.4 Media preparation for bacterial culture 
To make nutrient agar (NA) plates, pre-prepared nutrient agar powder was mixed 
with dH2O according to product instructions (Melford) in Duran bottles. The medium 
was autoclaved at 121°C for 20 min, and once cooled to 40-50 °C was poured into 
Plant (P#) Site Species Map Label Latitude (“N), Longitude (“E) Tissues 
collected 
5 1 Ca P5-Ca 50.353217, 19.003327 A, B 
6 1 Ca P6-Ca 50.353283, 19.003295 A, B 
7 1 Sv P7-Sv 50.353237, 19.003203 A, B 
8 1 Sv P8-Sv 50.353248, 19.003110 A, B 
9 1 Bl P9-Bl 50.353270, 19.003326 A, B 
10 1 Ca P10-Ca 50.353159, 19.003144 A, B 
11 1 Sv P11-Sv 50.353133, 19.003012 A, B 
12 1 Solv P12-Solv 50.353169, 19.002914 A, B 
13 2 Ca P13-Ca 50.368735, 18.964370 A, B 
14 2 Ca P14-Ca 50.368655, 18.964400 A, B 
15 2 Ca P15-Ca 50.368761, 18.964303 A, B 
16 2 Sv P16-Sv 50.367868, 18.964674 A, B 
17 2 Sv P17-Sv 50.367839, 18.964642 A, B 
18 2 Sv P18-Sv 50.367721, 18.964664 A, B 
19 2 Dc P19-Dc 50.368619, 18.964839 A, B, C 
20 2 Dc P20-Dc 50.368586, 18.964920 A, B, C 
21 2 Dc P21-Dc 50.368501, 18.964907 A, B, C 
22 2 Tf P22-Tf 50.366851, 18.964491 A, B 
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standard round plates in a laminar flow hood. Plates were left to set for 20-30 min, 
then immediately used or stored stacked upside down in a sealed bag at 4°C. 
To prepare nutrient broth (NB), Nutrient Broth powder (Melford) was mixed with 
dH2O at 8g/L in a Duran bottle and autoclaved at 121°C for 20 min. Once cooled it 
was immediately used or stored at room temperature. 
 
2.2.5 Plant tissue surface sterilisation 
Sample bags were thoroughly sprayed with ethanol and transferred into a Class II 
laminar flow hood. (Any samples which were not being immediately processed were 
temporarily stored on ice or at 4°C.) Different tissues of each plant were processed 
separately. 
Plant tissues were dissected using sterilised scissors into 1-3 cm pieces, depending on 
thickness and tissue type, and rinsed in sdH2O. For below ground tissues, excess soil 
was manually dislodged before dissection. Tissue pieces were then sterilised by 
soaking in 70 % ethanol for 10 min, or 7 min for thinner/delicate tissues. After another 
rinse in sdH2O, tissue pieces were then soaked in domestic bleach (5% NaOCl) for 7 
min, or 5 min for thinner/delicate tissues, before being rinsed again in sdH2O. A 
sample of the final rinse water was applied onto the surface of a fresh plate of solid 
media with a sterile cell spreader. This acted as a surface sterilisation check; any 
microbial growth observed on these plates indicated that the sterilisation of tissue 
surfaces was not completely effective. 
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2.2.6 Bacterial endophyte isolation 
Surface sterilised plant tissue pieces were distributed onto the surface of NA plates 
using sterilised forceps. They were placed with 1-2 cm spacing between the pieces 
and from the edge of the plate, to allow room for bacterial growth with limited 
overlap of colonies. Plates were sealed with parafilm and incubated at room 
temperature (with a blank control plate in each stack to monitor external 
contamination). Colony growth was checked at regular intervals, from 2-3 days after 
the start of incubation. Once a significant amount of visible growth was observed 
(usually after 5-7 days of incubation), plates were transferred into an incubator at 
4°C. 
Bacterial colonies were sub-cultured, using a sterile loop to streak out cells onto a 
fresh plate. Cultures that appeared mixed following this step were grown in liquid 
culture, then serially diluted and/or streaked out for single colonies (2.2.7 and 2.2.8). 
 
2.2.7 Bacterial cell stocks and liquid cultures 
Cell stocks of bacterial endophyte isolates were made using bacterial cultures on solid 
media. A sterile loop was used to scoop a sample of bacteria and swirl into a prepared 
1:1 mix of sterile 50 % glycerol solution and liquid culture medium (e.g. NB), mixing 
thoroughly to distribute cells and produce a 1 ml cell stock with a final glycerol 
content of 25%. Glycerol cell stocks were kept on ice for ~30 min, then moved to -80 
°C for long term storage. 
To increase even distribution of bacterial cells and improve viability over long term 
frozen storage, liquid bacterial cultures were used. In 50 ml tubes, 5 ml volumes of 
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liquid culture medium (e.g. NB) were inoculated with scoops of bacterial plate 
cultures and incubated overnight at 28 °C, on a slant and shaking at 190 rpm. A 500 
µl aliquot of liquid culture was thoroughly mixed with 500 µl of sterile 40% glycerol 
solution in a 2 ml tube, to produce a 1 ml cell stock with a final glycerol content of 
20%.  
To culture bacteria from frozen cell stocks, stocks were left to defrost on ice for 5-10 
min. Once sufficiently melted, a sterile loop was used to apply a small amount of the 
cell stock onto solid media and streak for single colonies. Plates were incubated at 
28°C until colonies were observed (2-3 days), and single colonies were then used to 
produce liquid cultures for application into experiments or to make further cell 
stocks. (Individual stocks were marked after each use and used no more than 5 times, 
due to repeated freezing and defrosting potentially decreasing cell viability.) 
 
2.2.8 Serial dilution of bacterial cultures 
To separate cultures that appeared to contain more than one species of bacteria, or 
to perform a cell count, cultures were serially diluted.  
Liquid cultures were generated (2.2.7) and treated as Tube 0. Aliquots of 900 µl of 
sdH2O were dispensed into Eppendorf tubes (Tubes 1-8). A 100 µl aliquot from Tube 
0 was added into Tube 1 and mixed well. With a fresh pipette tip, 100 µl was taken 
from Tube 1 and added into Tube 2, thoroughly mixed, and the process repeated 
sequentially through to Tube 8 (i.e. original liquid culture diluted to 10-8). A 100 µl 
aliquot of Tubes 7 and 8 (or of Tubes 6 and 7 if the overnight liquid culture appeared 
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less dense) were pipetted onto NA plates and spread with a sterile cell spreader. 
Plates were then incubated at 28°C until growth was observed (2-4 days).  
Colonies were counted to calculate the cell density of the original liquid culture, and 
differences in colony morphology of mixed cultures was observed and recorded via 
photographs. Single colonies from these plates were then sub-cultured onto fresh 
NA plates, for ultimate generation of glycerol cell stocks. 
 
2.2.9 Bacterial identification via PCR with 16S rRNA primers 
Bacterial isolates for 16S rRNA identification were streaked out for single colonies on 
NA plates and incubated at 28°C until colonies were observed. Primer pairs were 
selected (Table 2), and a PCR master mix generated per primer pair for the number 
of reactions required (Table 3).  
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Table 2: 16S rRNA primers used in colony PCR for bacterial endophyte identification (F: 
forward, R: reverse). 
 
Table 3: PCR reaction composition using FastStart Taq enzyme; final volume of 20 µl. 
 
Primer stocks were in powder form; sdH2O was added to generate stock solutions of 
100 µM, and aliquots were taken and diluted 1:10 with sdH2O to generate working 
solutions of 10 µM. dNTP stocks of 100 mM (dATP, dGTP, dCTP, and dTTP) were mixed 
in equal volume and diluted with sdH2O to generate a working solution of 10 mM. 
Reagent stocks were stored at -20°C and working solutions at 4°C. 
Primer Nucleotide Sequence (5’ – 3’) Tm (°C) GC content (%) 
8F AGAGTTTGATCCTGGCTCAG 57.3 50.0 
27F AGAGTTTGATCMTGGCTCAG 52.7 47.4 
63F CAGGCCTAACACATGCAA 59.8 52.4 
1378R CGGTGTGTACAAGGCCCGGGAACG 69.6 66.7 
1492R GGTTACCTTGTTACGACTT 52.4 42.1 
1492v2R TACGGYTACCTTGTTACGACTT 54.0 42.9 
1520R AAGGAGGTGATCCAGCCGCA 61.4 60.0 
Component Volume (µl) Concentration 
Buffer 2.0 (accompanying Taq enzyme) 
dNTPs 0.5 (10 mM) 
Forward primer 1.0 (10 µM) 
Reverse primer 1.0 (10 µM) 
Fast Start Taq polymerase 0.2 (Fast start Taq; 5U/µl) 
sdH2O 15.3 N/A 
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The Taq PCR master mix was dispensed in 20 µl aliquots into individual PCR tube strips 
or 96-well plate wells on ice and transferred into a Class II laminar flow hood. Sterile 
pipette tips were used to pick a sample of each bacterial colony, briefly agitated in a 
corresponding tube or well of PCR master mix and left to stand for 5-10 minutes. Tips 
were then carefully removed and plates or tube strips sealed, followed by a short 
centrifugation to collect reaction contents. Reactions were placed in a Thermal Cycler 
PCR machine to being PCR amplification (Table 4). 
 
Table 4: PCR reaction conditions for Taq Mastermix. 
Temperature (°C) Duration (min) Frequency 
94 4:00 x1 
95 0:30 
x40 cycles 60 0:30 
72 1:00 
72 10:00 x1 
 
Once the PCR reaction was complete, samples were removed from the machine and 
placed on ice (or refrigerated at 4°C if not being immediately processed). Gel 
electrophoresis was used to visualise PCR products. A 1.0% agarose gel was made 
with agarose powder and 1x tris-acetate-EDTA (TAE) buffer, heated until agarose was 
dissolved, then GelRed added at 5ul/100ml of final gel volume. The gel mixture was 
immediately poured into a gel mould with combs and left to set, then placed in a gel 
tank to be just submerged in 1x TAE buffer. A 3 µl aliquot of each PCR reaction was 
mixed with 1.5 µl of loading buffer and loaded into gel wells, or 4.5 µl immediately 
loaded if using QL mastermix. Samples were electrophoresed alongside 5 µl of a 1kb 
DNA hyperladder (Sigma Aldrich) at 75V for >30 min (increased time for larger gel 
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size) or until sufficient migration was observed. Gels were then visualised under UV 
and photographs taken. 
For recalcitrant isolates that were unsuccessful with colony PCR, DNA was extracted 
(2.2.10) and used in PCR amplification reactions. When using the FastStart Taq 
polymerase with genomic DNA, the same reaction composition was used (Table 3) 
except for 1 µl of extracted DNA, and 14.3 µl sdH2O to make up a total reaction 
volume of 20 µl.  
The Quick-Load Taq 2x Master Mix was also used for PCR with extracted bacterial 
DNA (Table 5; same PCR reaction conditions as for Taq Mastermix: Table 4). 
 
Table 5: PCR reaction composition using Quick-Load Taq 2x Master Mix; final reaction volume 
of 20 µl. 
 
 
 
 
 
 
Gel electrophoresis was carried out as detailed previously, excluding the addition of 
loading buffer before gel loading as it is included in the Quick-Load Mastermix. 
 
2.2.10 Bacterial DNA extraction 
DNA was extracted from bacterial isolates using the Qiagen DNeasy Blood & Tissue 
Kit and accompanying protocols, with minor modifications (assisted by Sarah 
Hawkins, Aberystwyth University). 
Component Volume (µl) Concentration 
Quick-Load Taq 2x Master Mix 10.0  
Forward primer 1.0 (10 µM) 
Reverse primer 1.0 (10 µM) 
DNA template 1.0  
sdH2O 7.0  
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For gram-negative bacteria, the protocol for “Pretreatment for Gram-Negative 
Bacteria” was used, followed by “Purification of Total DNA from Animal Tissues (Spin-
Column Protocol)” from Step 2 onwards, according to the manufacturer’s 
instructions. For gram-positive or unidentified bacterial isolates, the protocol 
“Pretreatment for Gram-Positive Bacteria” was used, followed by “Purification of 
Total DNA from Animal Tissues (Spin-Column Protocol)” from Step 4 onwards, to 
maximise the likelihood of successful DNA extraction. 
Liquid cultures of bacterial isolates were generated using single colonies from solid 
media to inoculate liquid media (2.2.7). A 1.5 ml aliquot of each liquid culture was 
transferred into an Eppendorf tube, and cells were harvested via centrifugation for 
10 min at 14000 rpm (instead of 7500 rpm per the pretreatment protocols). In Step 
3 of the protocol for “Pretreatment for Gram-Positive Bacteria”, tubes with bacterial 
pellets resuspended in lysis buffer were incubated for 45 min instead of 30 min at 
37°C. 
In Step 6 of the protocol for “Purification of Total DNA from Animal Tissues (Spin-
Column Protocol)”, the DNeasy Mini spin column was centrifuged for a further 2 min 
at 14000 rpm, to ensure that the membrane was thoroughly dried and there was no 
residual ethanol. In Step 7, the column was placed in a clean 1.5 ml tube and 50 µl 
instead of 200 µl of Buffer AE was pipetted onto the membrane, to maximise the 
concentration of extracted DNA in the final elution. 
DNA yield and purity were quantified by measuring the absorbance of extracted DNA 
samples at 260 nm and 280 nm, using a NanoDrop Spectrophotometer and Gen5 
program. Buffer AE was used for calibration. Extracted DNA was stored at -20°C. 
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2.2.11 PCR product sequencing and sequence data analysis 
If clear single bands were present on the gel at the expected size (in bp) of the PCR 
fragment, aliquots underwent clean-up to be prepared for sequencing. On ice, 5 µl of 
each PCR product was aliquoted to a clean tube and 2 µl of Illustra Exostar 1 Step was 
added and thoroughly mixed. Reactions were placed in a Thermal Cycler at 37°C for 
15 min, followed by 80°C for 15 min, then stored at 4°C. If gel bands appeared bright 
or very bright, cleaned PCR products were diluted with sdH2O 1:5 or 1:10, 
respectively, then 6 µl was aliquoted into a fresh tube with 4 µl of the forward primer 
used in the initial PCR reaction, and samples were submitting for sequencing.  
Sequencing was carried out by Caron Evans at IBERS, Gogerddan, Aberystwyth 
University, using the following protocol and machinery. Samples for sequencing were 
PCR using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems Product 
No. 4336917). Samples were then cleaned using a sodium acetate/ethanol solution. 
Samples were resuspended in 10ul HiDi Formamide (Applied Biosystems Product No. 
4311320). 
Sequencing analysis was performed on an ABI 3730 DNA Analyser, using a 48 capillary 
Array (50cm length) (Applied Biosystems Product No. 4331250) using POP-7 Polymer. 
(Applied Biosystems Product No. 4335615). Samples were run using Run Module: 
LongSeq50_POP7_1, Dye set Z-BigDye VC3, and analysed using Analysis Protocol: 
Basecaller-KBbcp, DyeSet/Primer-KB3730_POP7 BDT v3.mob. 
Sequence data was generated in the form of FASTA files and Chromatogram (AB1) 
files, the latter were used with the software Chromas (Version 2.6.5, Technelysium 
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Pty Ltd, http://www.technelysium.com.au/chromas.html) for sequence data 
analysis. The built-in “BLAST Search…” function was used, selecting the Nucleotide vs 
nucleotide database (BLASTn) and 16S ribosomal RNA sequences for comparison with 
query sequences. The ends of the raw sequences were trimmed on a custom basis to 
eliminate errant or wobbly bases, to minimise error in sequence comparison and 
resulting identifications. The genus, species, and strain information of top hits were 
recorded, along with corresponding identity (%) and E values. 
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2.3 Results 
2.3.1 Soil and plant tissue heavy metal content 
A total of 18 individual plants were collected: one of each of the species Solidago 
virgaurea, Biscutella laevigata, and Tussilago farfara, three of Deschampsia 
cespitosa, and six (three per site) of Silene vulgaris and Cardaminopsis arenosa 
(Figure 5, Table 1). The total and bioavailable amounts of lead (Pb), cadmium (Cd), 
and zinc (Zn) were measured in soil samples collected from the vicinity of root growth 
for each plant sampled (Table 6). 
Following bacterial endophyte isolation, the plant tissue heavy metal content of 
those plants that yielded greater numbers of bacterial endophytes was investigated. 
As no tissue from the original individual plants remained, further plant samples of the 
same species were collected from the same sites and specific locations, as far as 
possible. The content of Pb, Cd, and Zn in above ground and below ground plant 
tissues was measured.
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Table 6: Total and bioavailable heavy metal content of soil samples for all plants collected, and plant tissue heavy metal content of representative samples for a 
subset of originally collected plants. (Ca: Cardaminopsis arenosa, Sv: Silene vulgaris, Bl: Biscutella laevigata, Solv: Solidago virgaurea, Dc: Deschampsia cespitosa, Tf: 
Tussilago farfara. A: above ground, B: below ground. LOQ: concentration below the limit of quantification).  
Plant 
(P#) 
Site 
Plant 
Species 
Soil content Plant tissue content 
pH 
Total Pb 
(mg/kg) 
Bioavailable 
Pb (mg/kg) 
Total Cd 
(mg/kg) 
Bioavailable 
Cd (mg/kg) 
Total Zn 
(mg/kg) 
Bioavailable 
Zn (mg/kg) 
Plant 
tissue 
Pb 
(mg/kg) 
Cd 
(mg/kg) 
Zn 
(mg/kg) 
5 1 Ca 8.05 20228.00 LOQ 464.77 1.00 103989.80 34.64   
6 1 Ca 7.99 18627.00 LOQ 498.21 0.63 108282.10 29.45   
7 1 Sv 8.00 21768.40 LOQ 447.83 1.30 104460.00 38.44 
A 743.55 28.11 4489.67 
B 0.48 2.23 2170.21 
8 1 Sv 8.07 21625.30 LOQ 373.88 0.78 94994.00 21.25 
A 780.40 22.23 4286.33 
B 0.44 2.48 1480.34 
9 1 Bl 7.99 19294.60 LOQ 453.79 0.80 104608.20 28.83 
A 0.39 3.80 1950.00 
B 205.92 2.22 597.26 
10 1 Ca 7.91 21535.60 LOQ 540.92 1.71 113959.30 36.79   
11 1 Sv 8.03 21649.50 LOQ 462.49 0.95 119005.00 30.44 
A 9.93 13.50 2347.50 
B 0.28 11.77 508.40 
12 1 Solv 8.12 17375.20 LOQ 398.21 1.41 91450.10 19.52 
A 309.06 8.95 1740.26 
B 304.52 35.34 1700.34 
13 2 Ca 7.38 4641.50 LOQ 188.75 6.79 9952.70 133.87 
A 0.38 22.20 2491.99 
B 171.56 32.22 1699.61 
14 2 Ca 7.34 2175.00 LOQ 100.27 9.04 4686.60 169.09   
15 2 Ca 7.32 2495.80 LOQ 113.92 8.10 5038.90 183.61   
16 2 Sv 7.33 4429.70 LOQ 147.45 9.24 8185.90 246.45 
A LOQ 9.90 1081.99 
B LOQ 5.61 902.35 
17 2 Sv 7.32 4171.50 LOQ 138.92 6.10 8274.60 177.49 A LOQ 2.63 1787.80 
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B LOQ 4.51 1295.55 
18 2 Sv 7.26 5111.70 LOQ 147.49 8.47 8719.10 264.39 
A LOQ 6.78 945.09 
B LOQ 28.61 757.81 
19 2 Dc 7.14 2244.20 LOQ 88.27 7.21 4864.50 166.10   
20 2 Dc 7.33 2391.60 LOQ 92.28 5.51 5637.30 116.28 
A 123.11 5.40 617.52 
B 191.10 40.58 1562.64 
21 2 Dc 7.08 2802.20 LOQ 98.35 7.32 5972.00 213.80 
A LOQ 0.75 262.52 
B 255.97 74.86 2179.69 
22 2 Tf 8.27 2375.00 LOQ 52.42 0.16 6960.30 2.06 
A LOQ 3.06 290.92 
B LOQ 2.48 229.65 
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2.3.2 Bacterial endophytes isolated 
Initially, a total of 72 bacterial endophytes were isolated from the plants collected 
(Table 7). A small number were mixed cultures containing multiple bacterial strains 
growing in close association with each other.  
 
Table 7: Number of endophytic bacteria isolated per plant species, tissue type, and collection 
site (A: above ground, B: below ground, C: stem base). 
Collection Site Plant Species Plant Tissue Total no. of isolates 
1 
Cardaminopsis arenosa B 1 
Silene vulgaris A 16 
Biscutella laevigata A 1 
Solidago virgaurea A 6 
2 
Cardaminopsis arenosa B 1 
Silene vulgaris 
A 14 
B 10 
Deschampsia cespitosa 
A 1 
B 8 
C 10 
Tussilago farfara A 4 
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2.3.3 Identification of bacterial isolates 
Bacterial endophyte isolates were sub-cultured from plant tissue isolation plates, and 
samples taken for colony PCR with 16S primers. Where colony PCR was not 
successful, genomic DNA was extracted from bacteria grown in liquid media. Multiple 
primer pairs were used, as different pairs produced PCR products for different 
isolates. PCR products were sequenced and compared against the BLASTn database 
of 16S rRNA sequences, and top hits with percentage identity >95% and E values <1 
x 10-50 were recorded (Table 8; detailed BLASTn results were too extensive to be 
included and are available in electronic form). Each isolate was assigned a code as a 
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unique identifier, and in cases where cultures were more than one bacterial species 
mixed together and subsequently separated, new unique codes were assigned. 
The initial total number of endophytes isolated was 72 (Table 7). Following serial 
dilution and the selection of single colonies on solid media, to separate bacterial 
strains in mixed cultures, the final total number of bacterial endophytes isolated was 
100 (Table 8). 
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Table 8: 16S identifications of bacterial isolates via comparison of 16S ribosomal sequence data with the BLASTn database, and associated information on plant and 
site of origin. (top hits of BLAST results, all E values were <1 x 10-50 and % identities were >95%.) 
Site 
Plant 
Species 
Tissue 
Type 
Isolate 
Code 
Genus Species 
Alternative 
(Previous) Code 
1 Ca B DAA Bacillus B. mojavensis 5 Bii 1 
1 Sv A DAB Pseudomonas P. koreensis 7 Ai 1 
1 Sv A DAC Pseudomonas P. lactis 7 Ai 2 
1 Sv A DAD Pseudomonas and Pantoea P. turukhanskensis/punonensis and Pantoea agglomerans  7 Ai 3 
1 Sv A DAE Pseudomonas P. punonensis 7 Ai 4 
1 Sv A DAF Pseudomonas P. koreensis/cedrina subsp. Fulgida/reinekei 7 Ai 5 
1 Sv A DAG Okibacterium and Stenotrophomonas O. fritillariae and S. maltophilia 7 Aii 1 
1 Sv A DAH Okibacterium O. fritillariae 7 Aii 4 
1 Sv A DAI Stenotrophomonas and Microbacterium S. maltophilia and M. maritypicum 7 Aii 5 
1 Sv A DAJ Stenotrophomonas S. maltophilia 7 Aii 6 
1 Sv A DAK Plantibacter and Curtobacterium P. flavus and C. flaccumfaciens 8 Aii 1 
1 Sv A DAL Paenarthrobacter P. nitroguajacolicus 8 Aii 2 
1 Bl A DAM Pseudomonas and Pantoea P. turukhanskensis/punonensis and Pantoea agglomerans  9 Aii 1 
1 Sv A DAN Bacillus and Pseudomonas B. velezensis/amyloliquefaciens and P. turukhanskensis/punonensis 11 Ai 1 
1 Sv A DAO Leucobacter L. chromiiresistens 11 Ai 3 
1 Sv A DAP Pseudomonas P. punonensis 11 Aii 1 
1 Sv A DAQ Pseudomonas P. turukhanskensis/punonensis 11 Aii 3 
1 Sv A DAR Chryseobacterium C. shigense 11 Aii 5 
1 Solv A DAS Pseudomonas P. turukhanskensis/punonensis 12 Ai 1 
1 Solv A DAT Pseudomonas P. punonensis 12 Ai 3 
1 Solv A DAU Rahnella R. woolbedingensis 12 Ai 4 
1 Solv A DAV Pseudomonas P. graminis 12 Aii 1 
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1 Solv A DAW Rahnella R. woolbedingensis 12 Aii 2 
1 Solv A DAX Pseudomonas P. viridiflava 12 Aii 4 
2 Ca B DAY Bacillus B. mojavensis 13 Bi 1 
2 Sv A DAZ Okibacterium O. fritillariae 16 Aii 1 
2 Sv B DBA Pseudomonas P. migulae/baetica/helmanticensis 16 Bi 1 
2 Sv B DBB Paenarthrobacter P. nitroguajacolicus 16 Bi 4 
2 Sv B DBC Paenarthrobacter P. nicotinovorans 16 Bii 1 
2 Sv A DBD Stenotrophomonas (Pseuodomonas) S. rhizophila (P. flavescens) 17 Ai 1 
2 Sv A DBE Pseudomonas and Pantoea P. marginalis/extremaustralis/orientalis and Pantoea conspicua/vagans 17 Ai 2 
2 Sv A DBF Pseudomonas P. orientalis 17 Ai 3 
2 Sv A DBG Pseudomonas P. orientalis 17 Ai 4 
2 Sv A DBH Pseudomonas P. lurida 17 Aii 2 
2 Sv A DBI Pseudomonas P. lurida 17 Aii 6 
2 Sv A DBJ Stenotrophomonas S. rhizophila 17 Aii 7 
2 Sv A DBK Stenotrophomonas S. rhizophila 17 Aii 9 
2 Sv A DBL Serratia S. quinivorans 18 Ai 1 
2 Sv A DBM Serratia S. quinivorans 18 Ai 2 
2 Sv A DBN Serratia S. quinivorans 18 Aii 2 
2 Sv A DBO Erwinia E. persicina 18 Aii 3 
2 Sv A DBP Erwinia E. persicina 18 Aii 4 
2 Sv B DBQ Serratia S. quinivorans 18 Bi 1 
2 Sv B DBR Serratia S. quinivorans 18 Bi 4 
2 Sv B DBS Serratia S. quinivorans/plymuthica 18 Bi 5 
2 Sv B DBT Serratia S. quinivorans 18 Bii 1 
2 Sv B DBU Bacillus B. mobilis 18 Bii 3 
2 Sv B DBV Serratia S. plymuthica 18 Bii 6 
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2 Sv B DBW Serratia S. plymuthica 18 Bii 7 
2 Dc A DBX Plantibacter P. flavus 20 Ai 1 
2 Dc B DBY Bacillus B. mobilis 20 B+i 1 
2 Dc B DBZ Janthinobacterium, Pseudomonas J. lividum, P. koreensis 20 Bii 1 
2 Dc B DCA Serratia S. grimesii 20 Bii 3p 
2 Dc B DCB Serratia S. quinivorans 20 Bii 3w 
2 Dc C DCC Acinetobacter A. calcoaceticus 20 Ci 2 
2 Dc C DCD Stenotrophomonas S. rhizophila 20 Ci 4 
2 Dc C DCE Stenotrophomonas S. rhizophila 20 Ci 5 
2 Dc B DCF Serratia S. quinivorans/plymuthica 21 Bi 4a 
2 Dc B DCG Serratia S. quinivorans/plymuthica 21 Bi 4b 
2 Dc B DCH Serratia S. quinivorans/plymuthica 21 Bii 2a 
2 Dc B DCI Pseudomonas P. baetica/helmanticensis 21 Bii 2b 
2 Dc B DCJ Pseudomonas P. helmanticensis 21 Bii 3 
2 Dc C DCK Stenotrophomonas and Rhizobium S. rhizophila and R. nepotum 21 Ci 1 
2 Dc C DCL Chryseobacterium C. luteum 21 Ci 3 
2 Dc C DCM Xanthomonas and Rhizobium X. campestris and R. skierniewicense 21 Ci 4 
2 Dc C DCN Xanthomonas and Microbacterium X. campestris and M. foliorum 21 Ci 6a 
2 Dc C DCO Rhizobium or Mesorhizobium R. skierniewicense or M. mediterraneum 21 Ci 6b 
2 Dc C DCP Rhizobium and Xanthomonas R. skierniewicense/populi and X. campestris 21 Cii 1a 
2 Dc C DCQ Rhizobium or Mesorhizobium R. skierniewicense or M. mediterraneum 21 Cii 1b 
2 Dc C DCR Serratia S. quinivorans 21 Cii 2 
2 Dc C DCS Serratia S. quinivorans 21 Cii 3 
2 Tf A DCT Serratia S. quinivorans/plymuthica 22 Ai 1 
2 Tf A DCU Rhizobium and Serratia R. skierniewicense/populi and S. quinivorans 22 Ai 2 
2 Tf A DCV Serratia S. quinivorans 22 Aii 1 
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2 Tf A DCW Serratia S. quinivorans/grimesii 22 Aii 2 
2 Dc B DCX Serratia S. quinivorans/grimesii DCA 
1 Sv A DDA Stenotrophomonas S. chelatiphaga DAO 
2 Sv A DDB Pseudomonas and Pantoea P. orientalis/et al. and P. conspicua/vagans DBE 
2 Dc C DDC Microbacterium M. foliorum DCL 
2 Dc C DDD Microbacterium M. foliorum DCM 
2 Dc B DDE Serratia S. quinivorans DCH/DCI 
2 Dc B DDF Serratia S. quinivorans/plymuthica DCH/DCI 
1 Sv A DDG Brevibacterium (/Bacillus) B. frigoritolerans (or Bacillus simplex) DAD1i 
1 Sv A DDH Curtobacterium (/Pantoea) C. plantarum (or Pantoea agglomerans) DAD2ii 
1 Sv A DDI Microbacterium M. maritypicum/oxydans/liquefaciens DAJ4i 
1 Bl A DDJ Pantoea P. conspicua or vagans DAM5i 
2 Sv B DDK Pseudomonas P. baetica DBA6i 
2 Sv A DDL Stenotrophomonas S. rhizophila DBD8i 
2 Sv A DDM Stenotrophomonas S. rhizophila DBD9ii 
2 Sv A DDN Pseudomonas P. marginalis/extremaustralis/orientalis DBE10i 
2 Sv A DDO Pseudomonas P. orientalis DDB7i 
2 Sv A DDP Serratia S. quinivorans DBN13i 
2 Sv A DDQ Serratia S. quinivorans DBN14ii 
2 Sv A DDR Erwinia E. persicina DBO12ii 
2 Sv A DDS Erwinia E. persicina DBP16ii 
2 Dc C DDU Stenotrophomonas S. rhizophila DCE19i 
2 Dc C DDV Rhizobium R. skierniewicense DCM20i 
2 Dc C DDY Rhizobium R. skierniewicense DCQ23i 
2 Dc C DDZ Microbacterium M. foliorum DCQ24ii 
 
52 
 
2.4 Discussion 
2.4.1 Soil and plant tissue analysis 
The aim of the plant and soil heavy metal content analysis was to determine the 
extent of contamination present in the soil in which the plants had grown, and to 
observe the relative differences in concentrations between the soil and the plant 
tissues. A notable difference would indicate whether phytoexclusion or 
phytoextraction of heavy metals was occurring in each species.  
The two sites selected for plant sample collection were highly contaminated with 
heavy metals, Site 1 more than Site 2. As previously stated, the maximum guideline 
concentration for lead on commercial and industrial land is 750 mg/kg (Yara UK, 
2002). Of the soil samples taken during plant sample collection on Site 1, the lowest 
total lead content was over 17 275.20 mg/kg, however the bioavailable amount was 
too low to be measured; this was likely due to the pH of approximately 8.0 decreasing 
solubility and therefore bioavailability in the soils. The lowest total lead content on 
Site 2 was lower than Site 1, but still higher than guideline concentrations at a 
minimum of 2175 mg/kg. Though the amounts of bioavailable heavy metals in the 
soil samples was relatively low, the total amounts were high and any ions removed 
from the soluble and bioavailable pool (e.g. moving into plant tissues) would slowly 
be replaced from the insoluble pool (Chojnacka et al., 2005). Therefore, plants 
growing in these soils are likely to gradually take up metal ions into their tissues, even 
if they are not actively accumulating the ions. Both sites also contained arsenic and 
iron contamination and were nutrient depleted relative to normal soils (Appendix). 
A subset of originally targeted plants used for bacterial endophyte isolation had 
comparative samples collected of the same species from the same locations (as near 
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as possible, guided by GPS location measurements taken for original samples). S. 
vulgaris from Sites 1 had greater concentrations of lead, zinc, and cadmium in above 
ground tissues compared to below ground tissues, indicating the potential active 
accumulation of metal ions, however in individuals from Site 2 the above and below 
ground tissue concentrations were relatively similar. This difference may be due to 
the greater overall amounts of heavy metals present in Site 1 soils than Site 2. In B. 
laevigata, lead content was greater in below than above ground tissues, cadmium 
content was low in both tissue types compared to other plants sampled, and zinc 
content of above ground tissues was more than three times that in the below ground 
tissues. Similar amount of zinc (mg/kg) were measured in other plant samples, likely 
resulting from gradual accumulation over time growing in heavily contaminated soils, 
however the relatively low amount of lead in above ground tissues indicates an 
exclusion mechanism that is tissue specific. In S. virgaurea the metal content was 
relatively equal in above and below ground tissues, suggesting passive accumulation. 
There were greater concentrations of all metals in below ground tissues than above 
ground tissues in D. cespitosa (Site 2), suggesting that there was root-specific 
accumulation. T. farfara above and below ground tissues contained similar levels of 
cadmium and zinc (lead was below the limit of quantification), which indicated that 
either active or passive accumulation was metals was occurring but not in a tissue-
specific manner. 
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2.4.2 Bacterial endophyte isolation and identification 
In order to target endophytic bacteria, plant tissue samples were thoroughly surface-
sterilised to eliminate any epiphytes or other microorganisms present on the plant 
tissue surfaces, and the success of this sterilisation process was verified by 
attempting to culture the final water rinse of the plant tissues post-sterilisation. If the 
sterility check associated with plant tissue isolation plates did not show any microbial 
growth, it was a strong indication that resulting isolates were of endophytic origin. If 
the sterility check did show microbial growth, then isolates on associated plant tissue 
plates could be residual epiphytes and not necessarily endophytic in origin, therefore 
were not sub-cultured for identification and further experimentation. 
The number of endophytes isolated from various plant tissues and plant species 
varied (Table 7). Some plants did not yield any bacterial endophytes; the relatively 
delicate tissues were more discoloured and stripped of pigment than woody tissues 
samples following soaking in ethanol and bleach. This suggests that the sterilisation 
process was effective beyond surface sterilisation and killed all epiphytic and 
endophytic microorganisms present. 
Colonies were sub-sampled and isolated on fresh NA plates, plate cultures or 
extracted genomic DNA used in PCR reactions with 16S primers, then PCR products 
sequenced. Once sequence data had been acquired for each isolate, it was compared 
against the BLASTn database to identify the bacterial species. Dereplication within 
the collection was used to filter out some isolates, as many isolates originating from 
the same plant species and tissue returned the same 16S identification result. A 
subset of isolates was selected for in vitro bacterial heavy metal tolerance screening 
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and in planta screening of bacterial endophytes, with the aim of minimising 
redundancy amongst the isolates to be tested. Some isolates were eliminated from 
further testing as the top hits returned after comparing their 16S sequence data to 
the BLASTn database did not have high enough percentage identity scores and/or low 
enough E values to confidently conclude their identification. For some isolates, the 
genus could be identified via 16S rRNA analysis, but there was not poorer 
discrimination at species level (Janda and Abbott, 2007). Isolates identified as 
potentially pathogenic were not included in further screening and investigation. 
Some mixed cultures were identified but were not able to be separated, for example 
isolate DBZ (J. lividum and P. koreensis). 
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3.0 IN VITRO SCREENING OF BACTERIAL 
ENDOPHYTES 
3.1 Introduction 
It is hypothesised that bacterial endophytes originating from the tissues of plants 
growing in heavy metal contaminated soils are more likely to be tolerant to heavy 
metals, particularly in the case of endophytes isolated from hyperaccumulator plants. 
The aim of in vitro screening of bacterial endophyte isolates was to evaluate bacterial 
heavy metal tolerance capacity, by observing the effect of cadmium and zinc salts 
present in growth medium on bacterial colony area. 
In addition to bacterial endophytes isolated from sampled plants, a control strain 
Azopirillum brasilense (code: AB) and Bacillus velezensis (code: CBE, isolated by 
Gareth Raynes, Farrar Lab, Aberystwyth University) were screened. The endophytic 
strain CBE was isolated from the tissue of a halophyte and has demonstrated drought 
and salinity tolerance. 
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3.2 Materials and methodology 
3.2.1 In vitro bacterial heavy metal tolerance screen development 
An in vitro screening format was developed by Gareth Raynes (Farrar Lab, 
Aberystwyth University), where 12 x 12 cm square plates were split into a 3 x 3 grid 
to accommodate 9 different bacterial inoculants. The grid layout was randomised 
between replicates, and media with various additives used in the plates. After 
incubation, plates were able to be imaged and bacterial growth quantified via 
digital analysis. 
The heavy metal compounds selected were zinc chloride (ZnCl2) and cadmium 
chloride (CdCl2), as these metals were found at high levels in the original plant 
sampling sites. A cation in the metal salt was selected to have limited impact on 
bacterial growth, negatively or positively, so that the effect of the heavy metal ion 
present could be observed as clearly as possible. The chloride cation as opposed to 
the nitrate cation was selected, as nitrate was more likely to aid bacterial growth 
compared to metal-free media, and therefore affect the clarity of the screen data 
with regards to the effects of heavy metals. 
The concentrations of ZnCl2 and CdCl2 used reflected those selected for similar 
bacterial heavy metal tolerance screening seen in the literature (Table 9). Minimal 
as opposed to rich media was selected to minimise the occurrence of heavy metal 
precipitation with media ingredients, and therefore maximise the bioavailability of 
the metals in the media and maintain consistency through concentration ranges. 
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Table 9: Examples of concentrations of various heavy metal salts used for bacterial heavy 
metal tolerance screening. 
Anion Cation Concentration (mM) Media composition Reference 
Cd SO4 0.096 
Sucrose-minimal salts 
low-phosphate (SLP) 
medium 
(Sheng et al., 2008) Zn SO4 0.620 
Pb NO3 0.600 
Cd Cl2 0.01, 0.02, 0.05, 0.10, 
0.20, 0.50, 1.0, 2.0, 
5.0, 10.0, 20.0, and 
40.0 
Tris-buffered mineral 
salts (TLP) medium, 
with 0.2% (w/v) 
sodium gluconate 
(Abou-Shanab, van 
Berkum and Angle, 
2007) 
Zn SO4 
Pb NO3 
Cd Cl2 0.1-1.0  
Tris-buffered low-
phosphate (TLP) 
medium 
(Madhaiyan, 
Poonguzhali and 
Sa, 2007) 
 
 
3.2.2 Heavy metal compounds and stock solutions 
Heavy metal compounds in solid form (CdCl2: white, solid - 202908 Sigma Aldrich, 
ZnCl2: white, crystalline, powder - Z0152, Sigma Aldrich) were dissolved in dH2O to 
generate 1 M stock solutions (all work carried out in a fume hood with PPE). Aliquots 
of 1 M stocks were further diluted 1:10 to produce 100 mM stock solutions, of which 
aliquots were taken and filter-sterilised for addition to molten media post-
autoclaving. 
 
3.2.3 M9 Minimal Salts media preparation 
To reconstitute into a 5x stock solution, 56.4 g of M9 minimal salts (5x) powder was 
suspended in 1 L of dH2O, and autoclaved for 15 minutes at 121 °C. The M9 Minimal 
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Salts (M6030; Sigma) components were: 33.9g/L Na2HPO4, 15g/L KH2PO4, 5g/L 
NH4Cl, 2.5g/L NaCl. 
For M9 media, the M9 minimal salts 5x stock solution was diluted to a 1x working 
solution (200 ml/L of media). Agar was added at 12 g/L and dH2O used to make up to 
the final volume, then autoclaved for 15 minutes at 121°C. After autoclaving and 
when still molten, the media was supplemented with 20 ml/L of filter-sterilised 20% 
glucose solution, and aliquots of filter-sterilised 100 mM ZnCl2 and CdCl2 solutions to 
generate desired final concentrations. The pH of M9 media (without agar or heavy 
metal additives and before autoclaving) was 7.18. 
 
3.2.4 Plate inoculation and incubation 
Liquid cultures of bacterial isolates were generated (2.2.7 using NA/NB); bacteria 
were grown on solid media from glycerol cell stocks and incubated at 28°C for 2-3 
days, then single colonies used to inoculate liquid media. 
M9 agar media was prepared, heavy metals added as required (3.2.3), and media was 
poured into 12x12 cm square plates. Labelled grid layouts (3x3 squares) were placed 
underneath each plate and 10 μl droplets of bacterial liquid cultures were pipetted 
onto agar plate surfaces accordingly (Figure 6). This ensured even spacing of bacterial 
colonies and minimised labels and plate markings that might interfere with later 
image analysis. Plates were sealed with parafilm and placed in an incubator at 28 °C 
(Day 0).  
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Figure 6: Isolates were split into groups of 9 and the layout of each group was consistent over 
the range of growth conditions but randomised between replicates. 
 
 
3.2.5 Data collection for in vitro bacterial heavy metal tolerance screen 
Photographs of plates were taken with a camera on a tripod over a light box to 
maximise resolution and minimise reflection from plate surfaces, using prolonged 
exposure (8-10 seconds) to eliminate the strobing effect caused by the light box. A 
ruler was included in every image to provide a scale for image analysis.  
The ImageJ program (v1.52p, http://imagej.nih.gov/ij ) was used to measure the area 
covered by each bacterial colony on each plate. Firstly, the scale was set using the 
ruler, and the brightness and contrast of the images was adjusted to increase the 
visibility of all colonies. Then, using the oval or freehand selection tools, the colony 
areas were selected and measurements generated within the program. 
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3.2.6 Scanning electron microscopy and imaging of bacterial samples 
Imaging of bacterial cultures was carried out by Alan Cookson, IBERS Aberystwyth 
University Advanced Microscopy and Bio-Imaging Laboratory. Whole plates were 
scanned using an Epson Perfection V700 Photo scanner, and selected bacterial 
samples were examined via scanning electron microscopy (SEM).  
All timed steps involving fixatives, washes and ethanol mixtures were conducted on 
a suitable rotator at room temperature in a fume hood unless otherwise stated. 
Centrifugation was always 5 minutes at 10,000 rpm using a Hettich Mikroliter D-7200 
microcentrifuge.  
Loops of supplied cultures of bacterial cells were taken from petri dishes and mixed 
into 1ml of a primary fixative which consisted of 2.5% glutaraldehyde in 0.1M sodium 
cacodylate at pH 7.2 (both Agar Scientific Ltd, UK). The whole contents of the 
Eppendorf tubes were mixed by vortexing with a Labnet Vortex Mixer and placed in 
the fridge at 5C overnight. 
The next day the samples were centrifuged and the supernatant discarded then re-
suspended in fresh fixative. After 30 minutes fixation, the samples were centrifuged 
and the supernatant discarded. The pellets were re-suspended in 1ml of 0.1M sodium 
cacodylate wash buffer pH at 7.2. 
After 30 minutes, the previous step was repeated and re-suspended in 1ml wash 
buffer as above. The samples were centrifuged and the supernatant discarded. They 
were re-suspended in 1ml of a secondary fixative consisting of 1% osmium tetroxide 
(Agar Scientific Ltd) made up in 0.1M sodium cacodylate buffer pH at 7.2. After 30 
minutes fixation, the samples were centrifuged and the supernatant was carefully 
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discarded. It was replaced with a quick rinse in 1ml of wash buffer as above. After 5 
minutes rinse, the samples were centrifuged and the supernatant discarded. The 
pellets were re-suspended in another 1ml of wash buffer. The samples were 
centrifuged and the supernatant discarded.  
The samples were then progressed through an ethanol series of 30%, 50%, 70%, 95% 
and three changes of 100% for at least an hour. The samples were then suspended in 
1ml Hexamethyldisilazane overnight. The suspensions were dripped onto 0.02µm 
15mm Whatman Anodisc filters and allowed to air dry. The filters were attached to 
15mm aluminium pin stubs pre-fitted to 15mm double-sided carbon pads and 
platinum coated with an Agar High Resolution Sputter Coater to 0.8nm thickness. The 
resulting stubs were imaged using a Hitachi s-4700 FESEM electron microscope @5kV 
accelerating voltage and micrographs taken. 
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3.3 Results 
3.3.1 Bacterial endophyte growth capacity on heavy metal containing media 
A total of 67 bacterial isolates, as well as a control strain Azopirillum brasilense (code: 
AB) and a Bacillus velezensis strain (code: CBE) isolated by Gareth Raynes (Farrar Lab, 
Aberystwyth University), were screened for heavy metal tolerance in four batches: 
Batch 1 (B1), Batch 2 (B2), Batch 3 (B3), Batch 4 (B4).  
The following bacterial isolates were included in each batch: 
B1: DAA, DAB, DAE, DAF, DAV, DAY, DAZ, DBC, DBF, DBJ, DCA, DCB, DCC, DCG, DCH, 
DCI, DCX, DDE.  
B2: DAC, DAL, DAP, DAQ, DAT, DBG, DBH, DBI, DBK, DCR, DCS, DCT, DCV, DCW, DDC, 
DDD, DDE.  
B3: DAR, DAS, DBB, DBR, DBS, DBU, DBV, DBX, DCD, DCF, DCK, DCL, DCO, DCU, DDA, 
DDE, DDF, DDG, DDI, DDK, DDM, DDO, DDP, DDU, DDV, DDY, DDZ. 
B4: AB, CBE, DAK, DAN, DAO, DBW, DBZ, DDE, DDH, DDN.  
Isolates were grown on metal-free control medium, and media containing varying 
concentrations of cadmium chloride (CdCl2) and zinc chloride (ZnCl2). In each Batch 
1-4 the concentrations of heavy metals in media were 0.5 mM CdCl2, 2.0 mM CdCl2, 
1.0 mM ZnCl2, and 2.5 mM ZnCl2, except for in B1 where 3.0 mM ZnCl2 was used 
instead of 2.5 mM. 
Plates were labelled with the replicate code A-I, indicating the layout of the bacterial 
isolates in groups of 9 (Figure 7). This was followed by label 1, C2, C3, Z2, or Z3: 1 
refers to metal-free media (control plates), C2 (or 2C) to 0.5 mM CdCl2, C3 (or 3C) to 
2.0 mM CdCl2, Z2 (or 2Z) to 1.0 mM ZnCl2, and Z3 (or 3Z) to 2.5 mM ZnCl2 (3.0 mM in 
Batch 1). Isolate DDE was observed to grow in all screen conditions and was added 
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into every batch as a consistency check (DDE-B1, DDE-B2, DDE-B3, DDE-B4, in Figures 
8, 9, 10, 11, 12). 
Images of plates used for data collection in each screen batch were taken at slightly 
different times: B1 on day 18, B2 on day 16, B3 on day 19, and B4 on day 16. After 
approximately 16-19 days, it was observed that all bacterial isolates had grown to an 
extent sufficient for measurement, initial growth rate had slowed and the colony area 
captured would not significantly change past this time point, and it could be 
confidently concluded that those colonies that had not grown under a given condition 
by this time would not grow at all. 
For each growth condition, the average colony area of each bacterial isolate was 
calculated from three replicate colonies measured via image analysis (metal-free 
control medium, 0.5 mM CdCl2, 2.0 mM CdCl2, 1.0 mM ZnCl2, and 2.5 mM or 3.0 mM 
ZnCl2, Figure 8, 9, 10, 11, and 12 respectively). 
 
 
Figure 7: Isolates 1-9 in Batch 1, reps A and B, on metal-free control plates. 
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Figure 8: Average colony area (cm2) of bacterial isolates on metal-free (control) medium; error bars represent standard deviation of each replicate set. 
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Figure 9: Average colony area (cm2) of bacterial isolates on medium with 0.5 mM CdCl2; error bars represent standard deviation of each replicate set. 
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Figure 10: Average colony area (cm2) of bacterial isolates on medium with 2.0 mM CdCl2; error bars represent standard deviation of each replicate set. 
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Figure 11: Average colony area (cm2) of bacterial isolates on medium with 1.0 mM ZnCl2; error bars represent standard deviation of each replicate set. 
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Figure 12: Average colony area (cm2) of bacterial isolates on medium with 2.5 mM ZnCl2 (*3.0 mM for isolates in Batch 1); error bars represent standard deviation of each 
replicate set. 
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Figure 13: Relative change in colony area of bacterial isolates in screen Batch 1, between metal-free (control) and heavy metal-containing growth media. 
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Figure 14: Relative change in colony area of bacterial isolates in screen Batch 2, between metal-free (control) and heavy metal-containing growth media. 
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Figure 15: Relative change in colony area of bacterial isolates in screen Batch 3, between metal-free (control) and heavy metal-containing growth media. 
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Figure 16: Relative change in colony area of bacterial isolates in screen Batch 4, between metal-free (control) and heavy metal-containing growth media. 
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Table 10: Summary of bacterial growth on media containing varying concentrations of CdCl2 
and ZnCl2 (0: no growth, + or ++: growth observed, +: average colony area smaller than on 
metal-free media, ++: average colony area greater than on metal-free media). (*3.0 mM 
instead of 2.5 mM of ZnCl2 was used for isolates in Batch 1.) 
Isolate Code Batch 
0.5 mM 
CdCl2 
2.0 mM 
CdCl2 
1.0 mM 
ZnCl2 
2.5 mM 
ZnCl2 * 
AB 4 + + + + 
CBE 4 0 0 + + 
DAA 1 0 0 + + 
DAB 1 + + + + 
DAC 2 + + + + 
DAE 1 ++ ++ + + 
DAF 1 + + + + 
DAK 4 0 0 + + 
DAL 2 0 0 + + 
DAN 4 0 0 + + 
DAO 4 0 0 + + 
DAP 2 0 0 + + 
DAQ 2 + + + + 
DAR 3 + + + + 
DAS 3 + + + ++ 
DAT 2 + + + + 
DAV 1 + + + + 
DAY 1 0 0 + + 
DAZ 1 + + ++ ++ 
DBB 3 0 0 ++ ++ 
DBC 1 + + ++ + 
DBF 1 + + + + 
DBG 2 + + + + 
DBH 2 + + + + 
DBI 2 + + + + 
DBJ 1 0 0 + + 
DBK 2 0 0 + + 
DBR 3 + + + + 
DBS 3 + + + + 
DBU 3 0 0 + + 
DBV 3 + + + + 
DBW 4 + + + + 
DBX 3 + 0 + + 
DBZ 4 + + ++ + 
DCA 1 + + + + 
DCB 1 + + + + 
DCC 1 0 0 + + 
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DCD 3 0 0 + + 
DCF 3 + + + + 
DCG 1 + + + + 
DCH 1 + + + + 
DCI 1 + + + + 
DCK 3 + + + + 
DCL 3 + + + + 
DCO 3 + 0 + + 
DCR 2 + + + + 
DCS 2 + + + + 
DCT 2 + + + + 
DCU 3 + + + + 
DCV 2 + + + + 
DCW 2 + + + + 
DCX 1 + + + + 
DDA 3 0 0 + + 
DDC 2 0 0 0 0 
DDD 2 0 0 0 0 
DDE (B1) 1 + + + + 
DDE (B2) 2 + + + + 
DDE (B3) 3 + + + + 
DDE (B4) 4 + + + + 
DDF 3 + + + + 
DDG 3 0 0 + 0 
DDH 4 + + + + 
DDI 3 + + ++ + 
DDK 3 + + + + 
DDM 3 0 0 + + 
DDN 4 + + + + 
DDO 3 + + + + 
DDP 3 + + + + 
DDU 3 0 0 + + 
DDV 3 + 0 + + 
DDY 3 + 0 + + 
DDZ 3 0 0 + + 
 Total: 0 21 25 2 3 
 Total: + 50 46 65 66 
 Total: ++ 1 1 5 3 
 Total: + and ++ 51 47 70 69 
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The isolates DDC and DDD grew on minimal media but did not grow in the presence 
of zinc or cadmium. The following isolates did not grow on cadmium-amended media: 
CBE, DAA, DAK, DAL, DAN, DAO, DAP, DAY, DBB, DBJ, DBK, DBU, DCC, DCD, DDA, DDG, 
DDM, DDU, and DDZ. Isolates DBX, DCO, DDV, and DDY grew on 0.5 mM CdCl2 
medium but not on 2.0 mM CdCl2 medium. Besides isolates DDC and DDD, all isolates 
grew on 1.0 mM ZnCl2 and 2.5 (/3.0) mM ZnCl2 media, except isolate DDG which did 
not grow at the higher zinc concentration (Figures 13, 14, 15, 16, and Table 10). 
Most bacterial isolates grew to a colony area of less than 3.0 cm2 on metal-free 
growth medium, less than 1 cm2 on cadmium-amended media, and less than 1.75 cm 
on zinc-amended media (Figures 8, 9, 10, 11, 12). On metal-free medium, CBE, DAQ, 
and DDH grew to a significantly larger colony area than other isolates (Figure 8). CBE 
did not grow on cadmium-amended media and grew on zinc-amended media with a 
greatly reduced colony area relative to metal-free media (Figure 16). DAQ grew with 
a large colony area on all media conditions, greater than all other isolates except DAE 
on cadmium-amended media, and greater than all other isolates on zinc-amended 
media (Figures 8-12). Isolate DAE was the only isolate tested that showed increased 
average colony area on cadmium-amended media than on metal-free medium, 
approximately 4x and 2x greater on 0.5 mM CdCl2 and 2.0 mM CdCl2 media 
respectively (Figure 13). The colony area of isolate DDO on metal-free medium was 
lower than that of CBE, DAQ, and DDH, but greater than most isolates tested (Figure 
8); DDO also had a greater colony area than most isolates under all metal-amended 
media conditions (Figures 9-12).  
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DBB had a greater colony area on both 1.0 mM ZnCl2 and 2.5 (/3.0) mM ZnCl2 than 
on metal-free medium (over 2x greater at the lower zinc concentration), and isolate 
DAZ also had a greater colony area at both zinc concentrations but there was a 
smaller difference relative to colonies on metal-free media than in DBB (Figures 15 
and 13, respectively). Colony area of DBC, DBZ, and DDI was slightly greater at the 
lower concentration of 1.0 mM ZnCl2 relative to colonies on metal-free media, but 
not at the higher zinc concentration (Figures 13, 16, and 15, respectively). The colony 
area of DAS was slightly greater than on metal-free control medium at the higher 
concentration of 2.5 mM ZnCl2, and slightly reduced compared to the relative control 
on 1.0 mM ZnCl2 medium (Figure 15). 
 
3.3.2 Bacterial endophyte colony morphology in the presence of cadmium and zinc 
Bacterial colonies on in vitro screening plates were observed approximately two 
months after initial inoculation, and some isolates had unusual colony morphologies. 
Many Serratia isolates had crystal-like structures at the periphery of their colonies 
(Figure 17). These structures were investigated further via imaging of whole plates 
on a high-resolution film scanner (Figure 17), and a single colony with the associated 
structures was imaged using scanning electron microscopy (SEM) (Figure 18).  
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Figure 17: High-resolution images of isolates DCB (left) and DCH (right) on media containing 
2 mM CdCl2. 
 
 
 
Figure 18: Hi-res image of bacterial colony and crystalline structures produced isolate DAQ 
on media containing 0.5 mM CdCl2. 
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Figure 19: (a), (b), (c), (d) SEM images of structures produced by isolate DDE on media 
containing 2 mM CdCl2. 
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3.4 Discussion 
3.4.1 In vitro bacterial heavy metal tolerance screening 
The main metal contaminants present on the original plant collection sites were lead, 
zinc, and cadmium. Despite lead contamination being present in the original 
collection sites and plant and soil samples, lead was not applied into the in vitro 
screening. The amount of lead (mg/kg) was low or below the limit of quantification 
in many of the plant tissue samples analysed, and the amount of bioavailable lead 
(mg/kg) was below the limit of quantification in all soil samples. The amounts of 
bioavailable cadmium and zinc (mg/kg) in soil and total amounts in plant tissue 
samples were relatively higher than those of lead, therefore bacterial tolerance to 
and interaction with these heavy metals was of greater relevance and interest.  
For both CdCl2 and ZnCl2 compounds, two concentrations were selected to be 
generated within solid media. In testing a range of bacterial isolates with expected 
variation in heavy metal tolerance, a lower concentration was selected that would 
affect bacterial growth, and a higher concentration selected that would affect 
bacterial growth further without having a cytotoxic effect on all isolates. After 
reviewing examples in the literature (Table 9), the concentrations 0.5 and 2.0 mM 
CdCl2 and 1.0 and 3.0 mM ZnCl2 were selected. The greater ZnCl2 concentration was 
later reduced from 3.0 to 2.5 mM, as precipitation in the media was observed over 
time, therefore the bioavailability of metal ions may have been reduced, altering the 
toxic effect on bacterial growth and generating inaccurate results. The 
concentrations of Cd used in the media were relatively lower than those of Zn, as Cd 
is acutely toxic as opposed to Zn which is toxic upon chronic exposure and 
accumulation (Trevors, Stratton and Gadd, 1986; McDevitt et al., 2011). 
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Minimal media made with M9 5x salts was used in the screen, as the complex 
ingredients and phosphate groups present in rich media such as NA and TSA can 
chelate metal ions and therefore reduce their bioavailability (Rathnayake et al., 
2013). If bioavailability of metal ions is reduced, then the toxic effect on bacterial 
cultures is reduced, potentially leading to an over-estimation of bacterial heavy metal 
tolerance. Another important consideration is media pH, as at high pH metal 
solubility is reduced (Chuan, Shu and Liu, 1996). The pH of M9 minimal media was 
measured as 7.18; as this is not very alkaline it is unlikely to affect the solubility and 
bioavailability of heavy metal ions in the media. 
When considering the format of the plate screen, adding 9 different bacterial 
inoculants in a grid layout onto the surface of large square agar plates, alterations 
were made for two isolates. The isolate CBE grew rapidly on solid media, covering a 
large surface area within ~24 hrs of incubation at 28 °C. To avoid CBE colony growth 
overlapping with other bacterial colonies on in vitro screening plates and interfering 
with later image analysis of colony area, small round plates were used and three 
separate droplets of bacterial liquid culture applied as three replicates for each media 
condition. DBZ was a mix of two bacterial strains (J. lividum and P. koreensis) - P. 
koreensis was also observed to grow rapidly and widely across agar plate surfaces, 
therefore a similar format was used to screen this isolate (all other screen conditions 
were the same as those used for the other 67 isolates tested). 
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3.4.2 Heavy metal tolerance of isolated bacterial endophytes 
Solid M9 minimal medium was supplemented with different concentrations of zinc 
chloride and cadmium chloride solutions, and bacteria were grown on these media 
alongside metal-free medium (controls) and their growth evaluated over time. 
Images were then taken, and the area of each bacterial colony measured via image 
analysis using ImageJ software. Relative colony areas of bacterial isolates were 
compared between growth conditions to evaluate bacterial heavy metal tolerance. 
In vitro heavy metal tolerance screening was conducted on a total of 69 bacterial 
isolates (including 67 isolated as described in Chapter 2.0, and two additional strains 
AB and CBE). The isolates that were not screened from the original collection had 
either been identified as pathogens or they were eliminated as redundant to isolates 
with similar 16S identification and origin (plant species and tissue isolated from). 
Isolates DDC and DDD grew on metal-free minimal media but did not grow in the 
presence of zinc or cadmium, suggesting they have no tolerance to these heavy 
metals. Isolate AB (Azospirillum brasilense) demonstrated low tolerance to both zinc 
and cadmium, as it was able to grow on metal-amended media but colony area was 
reduced compared to metal-free control plates. Despite CBE (Bacillus velezensis) 
growing rapidly and prolifically on rich and minimal media in the absence of heavy 
metals, it grew on zinc-amended media with reduced colony area and did not grow 
on cadmium-amended media at all. This suggests that the isolate has low tolerance 
to zinc and no tolerance to cadmium; the isolate was observed to produce high 
volumes of biofilm on metal-free media, however this did not appear to correlate 
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with increased heavy metal tolerance as in other bacterial species (Chien, Lin and Wu, 
2013; Koechler et al., 2015; Nocelli et al., 2016). 
A small number of isolates grew to a greater colony area on heavy metal-containing 
media compared to control plates. Isolate DAE (Pseudomonas punonensis) had a 
significantly greater colony area in the presence of cadmium chloride, suggesting a 
high level of tolerance to cadmium. Isolate DBB (Paenarthrobacter nitroguajacolicus) 
had a significantly greater colony area in the presence of zinc chloride, indicating zinc 
tolerance. Heavy metal tolerance is not a known trait according to the literature for 
either of these species, potentially due to lack of testing, however P. 
nitroguajacolicus has also been isolated from the high Andean plateau of Peru, where 
heavy metals are present in acidic soils (Ortiz-Ojeda, Ogata-Gutiérrez and Zúñiga-
Dávila, 2017). The behaviour of these isolates suggests that they may respond to 
heavy metal stress by growing rapidly in order to move away from heavy metals ions 
when detected. As the heavy metal salt solutions were thoroughly mixed into the 
media before pouring into plates to set, the amount of metal ions present throughout 
the media should be uniform and therefore a bacterial strain behaving in this way 
would continue to grow rapidly across the plate surface as there were no areas with 
a comparatively lower heavy metal concentration to be detected, resulting in a large 
ultimate colony area. No isolates showed similar or greater colony area on both 
cadmium and zinc-amended media than on metal-free media, and 19 isolates grew 
in the presence of zinc but not cadmium (no isolates grew in the presence of cadmium 
and then did not grow in the presence of zinc). This disparity suggests that there is 
specificity in the bacterial mechanism conferring tolerance to the metal ions.  
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Overall, a greater number of isolates showed growth on zinc-amended medium than 
cadmium-amended medium: the concentrations of heavy metals used in the screen 
may be responsible for this difference as they did not necessarily provide equivalent 
levels of toxicity due to the different behaviours of the metals. Quantitively the molar 
concentration of zinc chloride was higher than that of cadmium chloride used in the 
media, but toxic effects were observed for a greater number of bacterial isolates in 
the presence of cadmium compared to zinc, highlighting the acute nature of cadmium 
ion toxicity compared to the toxic effect of zinc ions in excess (3.4.1). 
 
3.4.3 Colony morphology and structures generated by bacterial isolates growing on 
heavy metal media 
Unusual structures were observed after approximately two months following 
inoculation, at the periphery of colonies of Serratia isolates (including DCB, DCH, and 
DDE; Figures 17 & 19) and a Pseudomonas isolate (DAQ; Figure 18) growing on 
cadmium-amended growth medium. The proximity of the crystal-like structures 
within the growing edge of the bacterial colonies and embedded in the medium as 
opposed to on the surface suggests that they are bacterial in origin or that a 
substance secreted by the bacterial cells contributed to the precipitation of 
components of the media. They were observed on cadmium-amended media and not 
on metal-free media with increased frequency and density at higher cadmium 
concentration. Though the exact composition of these structures was not elucidated, 
the correlation between their presence and cadmium in the media indicates that the 
bacterial synthesis or induced precipitation of the structures is potentially cadmium-
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dependent or that the structures themselves contain the ions in a complex. Under 
SEM, the structures are clumps or stacks of flat oval sheets, resembling inorganic 
mineral crystals (Figure 19). 
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4.0 IN PLANTA SCREENING OF BACTERIAL 
ENDOPHYTES 
4.1 Introduction 
For screening of bacterial inoculation effects on plant growth a model plant is 
desirable, with a short generation time and easy to grow, providing uniformity across 
experimental batches. Brachypodium distachyon is a model grass with a smaller 
genome, and a good candidate for in planta screening of bacterial endophytes that 
may be considered for future application onto energy crops (Brkljacic et al., 2011). It 
is known to be tolerant to cadmium and zinc (Montalbán et al., 2014) 
Alongside endophytic bacteria isolated from heavy metal contaminated soils in this 
project, two additional strains AB (Azospirillum brasilense) and CBE (Bacillus 
velezensis) were also screened for their plant growth promoting effects in the 
presence and absence of zinc and cadmium. AB is nitrogen-fixing and has been shown 
to promote plant growth, increasing biomass and stimulating the production of root 
hairs (Hadas and Okon, 1987; Zhang et al., 2006). 
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4.2 Materials and methodology 
4.2.1 Sterile pot endophyte screen development 
The format of screening endophytic bacteria on Brachypodium distachyon in a 
sterile system was developed by Dr Islam Abdel-Daim (Farrar Lab, Aberystwyth 
University). Seedlings were germinated and inoculated with bacteria grown in liquid 
media, and then planted into sterile tissue cultures pots containing water agar 
media supplemented with additives to simulate abiotic stresses. Sealed pots were 
then transferred to growth cabinets for consistent light and temperature conditions 
and monitored for approximately 14 days, at which point data was collected. 
The heavy metals zinc and cadmium were used, in the form of CdCl2 and ZnCl2 as in 
the in vitro screening of bacterial isolates for heavy metal tolerance (Chapter 3.0), at 
concentrations reflected in similar screens in the literature (Table 11). 
Table 11: Examples of heavy metal compounds and concentrations used in plant heavy metal 
tolerance and/or endophyte-plant screens. 
Reference; plant species Heavy metal compound Concentration (mM) 
(Montalbán et al., 2012); 
Brachypodium 
CdSO4.8/3H20 0.019, 0.039, 0.117 
ZnSO4.7H20 0.070, 0.209, 0.348 
(Montalbán et al., 2014); 
Brachypodium 
CdSO4.8/3H20 0.05, 0.10, 0.30 
ZnSO4.7H20 0.30, 1.00, 1.50 
(Jiang et al., 2015); Brachypodium ZnCl2 0.10 
CdCl2 
(Cao et al., 2016); Brachypodium ZnSO4 0.30 
CdCl2 
(Chen et al., 2018); Brachypodium CdCl2 0.50 
(Truyens et al., 2013); Arabidopsis Cd (cation not stated) 0.002 
(Sarry et al., 2006); Arabidopsis CdCl2 0.0005, 0.002, 0.005, 
0.02, 0.05, 0.20 
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4.2.2 Seed sterilisation and germination 
Brachypodium distachyon (genotype Bd21) seeds were manually dehusked. Seeds 
were surface sterilised by soaking in 10% bleach in a sterile tube for 10 min, then 
rinsed very thoroughly with sdH2O in a sterile sieve. They were transferred into a 
clean tube of sdH2O and left to soak for 4-5 hrs to imbibe. A small amount of water 
was decanted and replaced with bleach to 10%, and seeds were soaked again for 10 
min before rinsing with sdH2O in a sterile sieve. 
Sterile plates were prepared for B. distachyon germination by lining with 3-4 layers 
of sterile filter paper, thoroughly dampened with sdH2O. Using sterile forceps, seeds 
were spread out over filter paper surfaces (60-70 seeds per plate) and plates sealed 
with parafilm. Seeds were stratified by being placed at 4 °C for 24 hrs before being 
moved to room temperature for an additional 48-72 hrs (in darkness throughout). 
The aim of this step was to increase the number of seeds germinating successfully 
and concurrently, to achieve consistency in seedling size. Filter paper was topped up 
with sdH2O as necessary to maintain moisture levels over the course of germination. 
 
4.2.3 Media preparation 
To make trypto soy agar (TSA) plates, pre-prepared powder was mixed with dH2O 
according to product instructions (Melford) in Duran bottles. The medium was 
autoclaved at 121°C for 20 min, and once cooled to 40-50 °C was poured into 
standard round plates in a laminar flow hood. Plates were left to set for 20-30 min, 
then immediately used or stored stacked upside down in a sealed bag at 4°C. 
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To prepare trypto soy broth, pre-prepared powder was mixed with dH2O according 
to product instructions (Melford) in a Duran bottle and autoclaved at 121°C for 20 
min. Once cooled it was immediately used or stored at room temperature. 
Water agar (2.5 g/L of agar in dH2O) was made up and autoclaved for 30 min. To 
generate heavy metal-containing media, aliquots of filter-sterilised 100 mM stock 
solutions of CdCl2 (202908 Sigma Aldrich) and ZnCl2 (Z0152, Sigma Aldrich) were 
added to molten water agar after autoclaving. The media was then poured into sterile 
tissue culture pots (50 ml/pot) and left to set in a laminar flow hood. 
 
4.2.4 Inoculation of seedlings with selected endophytes and planting 
Seedlings were germinated until they had grown to at least 0.5 cm root length and 1 
cm shoot length. If bacterial inoculation was required, bacterial liquid culture (2.2.7 
using TSA/TSB) was diluted 1:10 with sdH2O and poured into an empty sterile plate. 
Seedlings were submerged in the culture liquid for 20-30 minutes, then transplanted 
into water agar pots. Uninoculated seedlings were treated similarly with sterile TSB. 
Both inoculated and uninoculated seedlings were planted 3 per pot, using sterile 
forceps to push the roots below the water agar surface and leave the shoots exposed 
above the surface (Appendix).  
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4.2.5 Growth conditions and data collection: imaging and phenotypic measurements 
Sealed pots were placed in a Saxcil growth cabinet for 14-18 days (22°C by day and 
20°C at night ± 2°C, 20 hrs light duration and 4 hrs night lighting schedule with 350 
mol m–2 s–1 light intensity). 
Photographs of pots were taken with a camera on a tripod over a light box to 
maximise resolution and minimise reflection from pot surfaces, using prolonged 
exposure (8-10 seconds) to eliminate the strobing effect caused by the light box. 
Seedlings were removed from pots and their roots gently dabbed with paper towel 
to absorb residual water agar. They were measured (leaf count, root count, leaf 
height (cm), root length (cm)) and photographed on graph paper with a ruler in 
frame, using a camera mounted on a tripod. The seedlings were then placed in 
envelopes and dried in an oven at 60°C for 5-7 days, then dry weights were measured 
using an analytical balance.  
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4.3 Results 
4.3.1 Bacterial endophyte effects on Brachypodium seedling size and dry weight in 
the presence and absence of zinc and cadmium 
Brachypodium seedlings were inoculated with a total of 38 bacterial endophytes 
isolates over five batches of screening: Batches A, B, C, D, and E. The growth of 
inoculated and uninoculated seedlings growing in metal-free, cadmium-amended, 
and zinc-amended water agar medium (pots labelled with “X”, “C”, and “Z”, 
respectively) was compared after approximately 14 days. Final concentrations of 10 
µM of CdCl2 and 200 µM of ZnCl2 were selected, as high enough concentrations to 
have a stress effect on seedlings but not so high as to be lethally toxic (Table 11). 
The following bacterial isolates were included in each batch (followed by alternative 
or previously used codes where applicable): 
Batch A: DAB, DAC, DAE, DAV, DAY, DBC, DCA. 
Batch B: DAF, DAQ, DAT, DBH, DBK, DCC, DCI, DDE.  
Batch C: DDG (DAD1i), DBB, DBU, DBX, DCG, DCK, DDY (DCQ-23i), DDZ (DCQ24ii). 
Batch D: DAH, DDI (DAJ4i), DAR, DDK (DBA6i), DDM (DBD9ii), DBR, DCR, DDO 
(DDB7i). 
Batch E: AB, CBE, DAO, DCL, DDA, DDH, DDN. 
Data and images in electronic appendix. 
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Figure 20: Average combined leaf height and root length (cm) of all seedlings grown in metal-free water agar (uninoculated seedlings labelled X-A, X-B, etc. 
per screen batch). 
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Figure 21: Average dry weight (mg) of all seedlings grown in metal-free water agar (uninoculated seedlings labelled X-A, X-B, etc. per screen batch). 
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Figure 22: Average combined leaf height and root length (cm) of all seedlings grown in cadmium-amended water agar (uninoculated seedlings labelled C-A, 
C-B, etc. per screen batch). 
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Figure 23: Average dry weight (mg) of all seedlings grown in cadmium-amended water agar (uninoculated seedlings labelled C-A, C-B, etc. per screen batch). 
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Figure 24: Average combined leaf height and root length (cm) of all seedlings grown in zinc-amended water agar (uninoculated seedlings labelled Z-A, Z-B, etc. 
per screen batch). 
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Figure 25: Average dry weight (mg) of all seedlings grown in zinc-amended water agar (uninoculated seedlings labelled Z-A, Z-B, etc. per screen batch). 
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Figure 26: Relative change in combined leaf height and root length of seedlings in screen Batch A, between inoculated and uninoculated (control) seedlings of 
the same batch in metal-free, cadmium-amended, and zinc-amended media. 
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Figure 27: Relative change in dry weight of seedlings in screen Batch A, between inoculated and uninoculated (control) seedlings of the same batch in metal-
free, cadmium-amended, and zinc-amended media. 
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Figure 28: Relative change in combined leaf height and root length of seedlings in screen Batch B, between inoculated and uninoculated (control) seedlings of 
the same batch in metal-free, cadmium-amended, and zinc-amended media. 
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Figure 29: Relative change in dry weight of seedlings in screen Batch B, between inoculated and uninoculated (control) seedlings of the same batch in metal-
free, cadmium-amended, and zinc-amended media. 
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Figure 30: Relative change in combined leaf height and root length of seedlings in screen Batch C, between inoculated and uninoculated (control) seedlings of 
the same batch in metal-free, cadmium-amended, and zinc-amended media. 
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Figure 31: Relative change in dry weight of seedlings in screen Batch C, between inoculated and uninoculated (control) seedlings of the same batch in metal-
free, cadmium-amended, and zinc-amended media. 
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Figure 32: Relative change in combined leaf height and root length of seedlings in screen Batch D, between inoculated and uninoculated (control) seedlings 
of the same batch in metal-free, cadmium-amended, and zinc-amended media. 
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Figure 33: Relative change in dry weight of seedlings in screen Batch D, between inoculated and uninoculated (control) seedlings of the same batch in metal-
free, cadmium-amended, and zinc-amended media. 
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Figure 34: Relative change in combined leaf height and root length of seedlings in screen Batch E, between inoculated and uninoculated (control) seedlings of 
the same batch in metal-free, cadmium-amended, and zinc-amended media. 
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Figure 35: Relative change in dry weight of seedlings in screen Batch E, between inoculated and uninoculated (control) seedlings of the same batch in metal-
free, cadmium-amended, and zinc-amended media. 
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In Batch A, all inoculated seedlings had a shorter total length (combined leaf height 
and root length) than the uninoculated controls of the same batch in metal-free 
media. In zinc and cadmium-amended media, seedlings inoculated with DAC, DAE, 
and DBC were closer to the size of uninoculated seedlings in the same media. For 
seedlings inoculated with DAB, DAV, and DCA, total length in zinc-amended media 
was less than but closer to that of uninoculated controls than in cadmium-amended 
media. With the inoculant DAY, seedlings consistently grew to shorter lengths than 
their corresponding uninoculated controls in the same media (Figure 26). The dry 
weights of inoculated seedlings compared to uninoculated seedlings in Batch A 
were contrasting to the plant total lengths. Seedlings inoculated with isolates DAB, 
DAE, DAV, DAY, and DCA growing in metal-free media had a relative increase or a 
smaller relative decrease in biomass than seedlings inoculated with the same 
isolates in the presence of heavy metals. Seedlings inoculated with DAC and DBC in 
metal-free and cadmium-amended media showed little relative change in biomass, 
however there was a relative reduction in biomass for DAC and DBC seedlings in 
zinc-amended media.  
In Batch B, seedlings inoculated with isolates DAF, DCC, DCI, and DDE growing in 
metal-free media had shorter total lengths than the uninoculated controls, whereas 
those inoculated with DAQ, DAT, and DBH had greater total lengths, and DBK was 
similar in length to the control. Inoculated seedlings of all isolates in this batch 
growing in cadmium-amended media grew to similar total lengths as the 
uninoculated control, except for DBK-inoculated seedlings which had a slight 
relative increase in length. Inoculated seedlings of all isolates in this batch growing 
in zinc-amended media showed similar (DBH, DBK, DCC, DDE) or slightly greater 
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(DAF, DAQ, DAT, DCI) total lengths than the uninoculated controls (Figure 28). 
When considering dry weights, all seedlings with bacterial inoculations in Batch B 
growing in metal-free media grew to produce a similar (DAF, DBH, DCC, DCI) or 
slightly greater (DAQ, DAT, DBK, DDE) dry weight relative to uninoculated controls. 
Relative to uninoculated controls, of inoculated seedlings in cadmium-amended 
media those inoculated with DCI had increased dry weight, with DBK slightly 
increased dry weight, with DAF, DAT, DBH, and DDE similar dry weight, and with 
DAQ and DCC lower dry weight (Figure 29). 
In Batch C, seedlings inoculated with DBB in metal-free and zinc-amended media 
had similar total lengths to uninoculated controls, but in cadmium-amended media 
total lengths were increased. DBU-inoculated seedlings showed similar total lengths 
in heavy metal-containing media but increased total lengths in metal-free media 
relative to uninoculated controls. For isolates DBX, DDG, and DDZ, inoculated 
seedlings growing in all media conditions had similar total lengths as uninoculated 
controls; this was also true for DCG seedlings in metal-free and cadmium-amended 
media, but seedlings in zinc-amended media had greater total lengths than 
uninoculated control seedlings. Seedlings inoculated with DCK in cadmium-
amended media had similar total lengths to uninoculated controls, but seedlings 
growing in metal-free and zinc-amended media had shorter total lengths. All 
seedlings inoculated with DDY across media conditions grew to shorter total lengths 
than uninoculated controls, of which seedlings in cadmium-amended media were 
relatively the shortest (Figure 30). All seedlings inoculated with isolate DBB had 
increased dry weights relative to uninoculated controls. Seedlings inoculated with 
DBU growing in metal-free and zinc-amended media had increased dry weights 
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compared to uninoculated controls, whereas those in cadmium-amended media 
were similar in final dry weight. Of seedlings inoculated with isolates DBX and DCG, 
there was increased dry weight of those growing in metal-free media, no significant 
relative difference in cadmium-amended media, and reduced dry weight of 
seedlings in zinc-amended media relative to uninoculated controls. This was also 
true for isolate DCK, except for a slight reduction in dry weight of seedlings in 
cadmium-amended media compared to controls. DDG-inoculated seedlings growing 
in metal-free and cadmium-amended media had increased dry weights, and those 
in zinc-amended media had reduced dry weights, relative to uninoculated controls. 
Finally, seedlings inoculated with isolates DDY and DDZ had increased dry weights in 
metal-free media and similar dry weights to uninoculated controls in metal-
containing media (Figure 31). 
In Batch D, all inoculated seedlings growing in metal-free media had reduced total 
lengths compared to uninoculated controls (lengths of DCR-inoculated seedlings 
were closer to but still lower than relative controls). All seedlings in cadmium-
amended media with bacterial inoculations had slightly greater (DAH and DDI) or at 
least 1.2x greater (DAR, DBR, DCR, DDK, DDM, DDO) total lengths than uninoculated 
control seedlings of the same batch. In zinc-amended media, seedlings inoculated 
with DAH were similar in total length to uninoculated controls, those inoculated 
with DDI had a reduced total length, and those inoculated with DAR, DBR, DCR, 
DDK, DDM, and DDO had an increased total length (Figure 32). When comparing the 
dry weights of all inoculated seedlings in this batch with uninoculated controls, all 
inoculated seedlings had similar or increased dry weights. Seedlings inoculated with 
DAH, DBR, DCR, DDM, and DDO had increased dry weights compared to 
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uninoculated controls under all media conditions. Seedlings inoculated with isolates 
DAR and DDK showed similar dry weight in metal-free media and increased dry 
weight in heavy-metal containing media compared to uninoculated controls. DDI-
inoculated seedlings had slightly increased dry weights in zinc-amended media and 
a greater relative increase in dry weight in metal-free and cadmium-amended 
media than uninoculated controls of the same batch (Figure 33). 
In Batch E, seedlings in metal-free media inoculated with AB had reduced total 
length but increased ultimate dry weight than uninoculated controls, and in both 
cadmium and zinc-amended media seedlings had increased relative total lengths 
and dry weights (Figures 34 and 35). Seedlings inoculated with isolates CBE, DAO, 
and DDA had increased total lengths than uninoculated controls in all media 
conditions. Seedlings inoculated with isolates DCL and DDN had similar or slightly 
lower total lengths than uninoculated controls, and relatively greater total lengths 
in heavy metal-containing media. This was also true for isolate DDH, except 
seedlings in metal-free media had similar but slightly increased total lengths 
compared to uninoculated controls (Figure 34). Seedlings inoculated with CBE had 
increased dry weights in metal-free and zinc-amended media compared to 
uninoculated controls, and similar but slightly increased dry weights in cadmium-
amended media. Seedlings inoculated with isolates DAO, DCL, and DDA had 
increased dry weights compared to uninoculated controls under all media 
conditions. DDH-inoculated seedlings had increased dry weight in metal-free media, 
slightly increased dry weight in zinc-amended media, and slightly reduced dry 
weight in cadmium-amended media compared to uninoculated controls. Of 
seedlings inoculated with DDN, there was increased dry weight relative to 
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uninoculated controls for those in metal-free media, reduced dry weights in 
cadmium-amended media, and similar but slightly reduced dry weights in zinc-
amended media (Figure 35). 
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4.4 Discussion 
4.4.1 Bacterial endophyte effects on the growth of Brachypodium seedlings in vitro 
Bacterial endophyte isolates were screened in planta to evaluate their potential for 
plant growth promotion and improvement of plant heavy metal tolerance. A 
standardised, relatively rapid screen was developed using Brachypodium distachyon 
(Bd21) in a sterile system, in the presence and absence of the heavy metals and 
various bacterial endophytes. 
A parameterisation experiment was conducted in advance of screening many 
bacterial endophytes, to test two plant species and their growth in water agar media 
with a range of concentrations of CdCl2 and ZnCl2. Arabidopsis thaliana (ecotype 
Columbia-0) was tested alongside B. distachyon, however the seedlings failed to 
thrive in the water agar media after germination. B. distachyon seedlings were grown 
in 0.2, 0.4, and 0.8 mM ZnCl2 and 0.05, 0.15, and 0.3 mM CdCl2 in water agar; the 
concentration range tested was based on heavy metal concentrations used in similar 
screens by other researchers (Table 11). A single concentration of CdCl2 and ZnCl2 
was selected to be used in in planta screening with B. distachyon based on the results 
of the parameterisation experiment. 
In in planta screening, 38 bacterial isolates were tested across five screen batches. 
The subset of bacterial endophytes selected to be applied into the screen contained 
a representative variety of bacterial species, as well as certain isolates of interest that 
appeared to exhibit heavy metal tolerance in in vitro screening. For each screen 
batch, pots were removed from the growth cabinet after ~14 days and 
photographed. Two seedlings were removed from every pot and leaf count, root 
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count, leaf height (cm), and root length (cm) were measured (the latter two 
measurements were combined to produce overall plant length). Seedlings were 
photographed in sets of six (two seedlings from each of three pots with the same 
media condition and bacterial inoculant, or no inoculant in controls), then dried and 
dry weights measured (4.2.5).  
In metal-free medium, AB-inoculated seedlings had a reduced total length but 
increased dry weight compared to uninoculated controls. Seedlings inoculated with 
AB exhibited increased root hair growth, which contributes to biomass. Seedlings 
growing in metal-free media and inoculated with isolate DDZ (Microbacterium 
foliorum) had significantly higher dry weights than the uninoculated control seedlings 
of the same batch. This strain has previously been isolated from the phyllosphere of 
grasses, and further research is required to determine its plant-growth promoting 
potential (Undine Behrendt and Author, 2001). The Pseudomonas isolate DCI had an 
effect on seedlings growing in zinc-amended media; DCI-inoculated seedlings 
growing in the presence of zinc had the greatest dry weight compared to all other 
inoculated and uninoculated seedlings. 16S rRNA analysis provided an identification 
of Pseudomonas baetica  or helmanticensis for isolate DCI, which have not been 
previously characterised as species with plant growth promotion potential or 
enhancing plant growth in the presence of heavy metals; the species have been 
previously isolated from fish and forest soil, respectively (Ramírez-Bahena et al., no 
date; Lopez et al., 2012). 
Overall there is greater variation within replicate sets of the average combined leaf 
height and root length (i.e. total length) of seedlings compared to the average dry 
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weights of seedlings - this is reflected by the standard deviation values (Figures 20-
25). This can be explained by the difference in data sets, as the dry weight data was 
three values per condition per inoculum, as two seedlings removed from the same 
pot were dried and measured together, and the total length data takes into account 
the individual measurement of all six seedlings in each replicate set. 
There was variation in average total length (leaf height + root length) and dry weight 
of control seedlings (X: metal-free, C: cadmium-amended, and Z: zinc-amended 
media) between screen batches (Figures 20-25). The same methodology, materials, 
and growth conditions were employed in each batch, however differences between 
seeds used in the same batch may be a source of variation. When germinating seeds, 
a cold treatment was used to increase uniformity and germination rate, however 
slight variations in seedling size at the point of planting potentially resulted in 
downstream variation within replicate sets. Three seedlings were planted in each pot 
(with three replicate pots per media condition, a total of nine pots per bacterial 
inoculum), to ensure that a sufficient number of seedlings would grow and be 
suitable for data collection and to maximise the number of replicates in each set to 
address potential variation. 
Differences in plant morphology were observed, which were not captured necessarily 
by quantitative data (see images, electronic appendix). In all batches, a phenotype of 
shorter and thicker roots was observed in all seedlings growing in cadmium-amended 
or zinc-amended medium, uninoculated or inoculated with endophytes, compared to 
metal-free controls. Seedlings grown in metal-free water agar more frequently had a 
greater number of roots as well as increased length, whereas those grown in metal-
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containing media had a single root of 1-4 cm (with very few exceptions) and multiple 
very short roots of <1 cm. None of the bacterial isolate inoculations resulted in the 
phenotype of a seedling growing in metal-containing media to revert to a normal 
phenotype (i.e. as in metal-free media); this would be a significant effect on seedling 
growth and morphology that was predicted as unlikely to be observed. 
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5.0 DISCUSSION 
In this project, a total of 72 bacterial endophytes were initially isolated from heavy 
metal contaminated sites, and this total increased to 100 following the separation of 
some mixed cultures. Per 16S rRNA identification, Pseudomonas was an over-
represented genus with 20 isolates returning an identification of a Pseudomonas sp. 
in isolation, and 7 other mixed cultures containing a Pseudomonas member. Many of 
these originated from the above ground tissues of Silene vulgaris. Other genera that 
were highly represented include Serratia and Stenotrophomonas. 
A subset of isolates was selected for in vitro (67 plus AB and CBE) and in planta 
screening (36 plus AB and CBE). Those with unique or under-represented 16S 
identifications were prioritised, and mixed cultures avoided where they were unable 
to be separated, as which member had contributed to growth on metal-containing 
media or beneficial effects on plants would be impossible to dissect. 
Most of the bacterial isolates tested in vitro demonstrated growth in the presence 
of cadmium or zinc, or both, with two stand-out results from DAE (Pseudomonas 
punonensis) and DBB (Paenarthrobacter nitroguajacolicus). For a number of isolate 
inoculations there was a greater relative change between seedlings in heavy-metal 
contaminated media than metal-free media, compared to uninoculated controls. 
These isolates appear to have a greater beneficial impact on plant growth under 
abiotic stress conditions than stress-free conditions. Seedlings inoculated with AB 
(Azospirillum brasilense), CBE (Bacillus velezensis), and DDZ (Microbacterium 
foliorum) in metal-free media had the greatest effect in increasing ultimate seedling 
dry weights, which is a good indication of overall boosted growth.   
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Full genome analysis of the bacterial endophytes isolated in this project that showed 
significant results in screening would provide more information about the 
determinants of bacterial heavy metal tolerance and plant growth promotion. 
Genome investigation and functional analyses of siderophore production, biofilm 
production, and phosphate solubilisation would further elucidate the mechanisms of 
bacterial heavy metal tolerance. These complementary analyses are necessary, as the 
presence of a gene related to a functional characteristic does not mean that it is 
expressed, and the absence of such a gene does not mean that the bacterial strain 
does not have the functional characteristic. Desirable future work would also include 
testing the tolerance of bacterial isolates to other abiotic stresses such as salinity and 
drought, and their effect on plants growing under these stress conditions. 
This project aimed to isolate and identify extremophilic bacterial endophytes and 
determine the heavy metal tolerance of the bacteria themselves and their effects on 
plant growth and heavy metal tolerance. The ultimate application of bacterial 
endophytes with these functional characteristics is energy crops such as the fast-
growing and high yielding grass Miscanthus; bacterial endophytes have the potential 
to further enhance the success of the crop by promoting growth and improving 
abiotic stress tolerance (Farrar, Bryant and Cope-Selby, 2014). The model plant 
Brachypodium was selected for use in in planta screening as it is a small homozygous 
grass, which is fast growing and efficient for experimentation. The effects on 
Brachypodium of the bacterial endophytes tested is a better indication of their 
potential effects on grasses such as Miscanthus and reed canary grass, as opposed to 
using a flowering plant such as Arabidopsis thaliana as a model. Although Miscanthus 
is an excellent biomass crop, it is not ideal for small-scale experimentation due to its 
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large size and outbreeding habit which results in genetically unique populations of 
seed.  
If bacterial endophytes can be applied onto energy crops and improve growth and 
tolerance to abiotic stress, they can be grown on previously unsuitable marginal land 
and provide a source of renewable energy. Alternatively, bacterial endophyte 
application onto plants growing in heavy metal contaminated soils has the potential 
to enhance phytoremediation or at least contribute to phytostabilisation of the soil 
to minimise erosion and leaching of the contaminants further into the environment.  
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